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SUMMARY

Tables are presented based on the Lennard-Jones 6-12 potential for
nonpolar molecules to be used in the representation of second and third
virial coefficients and equation-of-state corrections for enthalpy,
entropy, specific heats at constant volume and at constant pressure, the
ratio of specific heats, the isentropic expansion coefficient, and the
velocity of sound. The treatment for effects involving three molecules
Jointly uses an empirical adjustment. of the Lennard-Jones force param-
eters within a cluster of three independently of the value for an iso-
lated pair. A graphical correlation of ratios of these parameters with
the critical constants is also shown which permits better estimates for
compact nonpolar molecules with known critical constants but with limited
data of state.

INTRODUCTION .

The thermodynemic properties of real gases at pressures near atmos-
pheric differ from those of the corresponding ideal gases. The differ-
ence is not, in general, large, but it is appreclable when careful
experimental work has been performed and should be taken into account
when observed gas properties are to be compared with those theoretically
calculated from spectroscopic data. For example, experimental determi-
nations of the specific heat, or of the velocity of sound, are often
used to derive values of CPO, the ideal-gas specific heat. The real-

gas corrections CP - CPO are, in general, calculated from some equation

of state, one derived either from actual measurements of the pressure
dependence of the properties in question or from compressibility measure-
ments; alternatively, especlally in the case of many substances which
liquefy reedily and whose vapors are hence not steble over a wide pres-
sure range, so that such data are lacking, a "reduced" or general equa-
tion of state is used, whose specific constants are derived from the
critical data of the substance or from the boiling point. The Berthelot
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equation of state

Pp=-RL _ __8&8_ . (1)
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o
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is very often used for this purpose. However, this equation is lacking
in general theoretical significance (ref. 1).

Statistical mechanics indlicates that & correct theoretical form for
the equation of state of any nonreacting gas at moderate pressures 1s

% =1+ [:B(T)/V:I + [c(T)/v2] (2)

where P 1s the pressure; V, the moler volume; R, the universal gas
constant; T, the absolute temperature; and B and C are functions
of the temperature known as the second and third virial coefficients,

'respectively. The coefficient B depends on only the forces between

pairs of molecules and may in principle be calculated in terms of any
assumed potential. The situation is essentially the same for C, but

it depends on the energies of triples of molecules as well as pairs, so
that the problem is considerably more complicated. A potential function
that has been widely used, and that has been &ble to give good agreement
with the experimental data for such different force-dependent properties
as the second virial coefficient and the viscosity and other transport
properties (ref. 2), is that due to Lennard-Jones. The ILennard-Jones
expression for the potential energy of two molecules at a separation r
is

U(z) = ke (.1;_0)12 - (519)6 (3)

where € and r, are two disposeble parameters equal, respectively,

to the maximum binding energy between the molecules and the distance at
which the attractive and repulsive energies are equal. A gas whose mole-
cules obey this law of force is referred to as a Lennard-Jones 6-12 gas.
To a good approximation such gases include practically all common gases
and vepors except those with large polar groups, such as water or alco-
hols, and those whose shape is far from spherical, such as carbon dioxide.

Tt follows from the original work of Lemnard-Jones (ref. 3) that

for this type of potential it is possible to calculate the second virial
coefficient B(T) and its temperature derivatives. These may be
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expressed 1n terms of the two parameters € and r,. Calculations

of B and its derivatives have been made by several groups of authors.
Values of B were given by Stockmayer and Beattie (ref. L), fairly
extensive tables from which one may compute B and T dB/dT have been
published by Curtiss and Hirschfelder (ref. 5), and a revised calculation
giving B, T dB/dT, T2d°B/ar2, and T5d3,B/dT3 has been prepared by
Hirschfelder, Curtiss, Bird, and Spotz (ref. 6). An extension of the
calculations to lower temperatures has been made by Epstein and Roe

(ref. 7) and has furnished values at the lowest temperature entries in
the present tables.

Several computations have similarly been made concerning the third
virial coefficients, assuming & Lennard-Jones 6-12 potential, including
those of De Boer and Michels (ref. 8), Montroll and Mayer (ref. 9),
Kihara (ref. 10), and Bird, Spotz, and Hirschfelder (ref. 11) as well
as some unpublished calculations by one of the present authors in 1943.
In contrast with the case of the second virial coefficient, the results
of the third virial calculation do not fit third virial coefficlents as
determined from experiment, so that the results are without immediate
direct application. However, the recognition that the effective force
law in a group of three molecules is not necessarily identical with the
sum for three independent pairs permits an appropriate fitting of the
experimental data. By considering the formation of a cluster of three
molecules as a chemical reaction with an equilibrium constant for for-
mation, the selection of appropriate effective-force-law parameters can
in principle be made readily, as has been discussed elsevhere (ref. 12).
The results for the second virlal coefficient may be expressed simply

by B = boB(O)(T) in the notation of reference 11, where by, = %% NrOB,

7 = xT/e, and B(O)(7) is a tebulated function. For the third virial
coefficient more complicated relations result. Thus,

2 .
¢ =232 lOr5) - ”E(O)(Ta)] + %22[3(0)(72)]2 (1)

vith 75 = kT/e3 and T, = kT/ez, b; and e; being the parameters bo

2
and €, respectively, as determined for the cluster of three, and bo

and €p, the regular values as determined for the second virial coeffi-

clent; C(o)(T), when multiplied by boa, gives the third virial coeffi-

cient for a gas in which the mutual energy in any group of three mole-
cules is the sum of Lennard-Jones pair energies with the same parameters
as those which apply for isolated pairs.

Tables permitting the close representation of experimental values
are of great utility in regard to the observed compressibility and the
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Joule-Thomson coefficient (ref. 5) at various temperatures and their
relation to the actual laws of force. Such tables permit the calculation
of these propertlies at other temperatures when the parameters of the law
of force bhave been established. The ease of such correlations and cal-
culations 1s increased if similar tebles are available for other thermo-
dynamic properties. It is the purpose of this report to present tebles
from which one may readily calculate other effects of gas imperfection
for nonpolar gases to cbtain the effect for the density, enthalpy, entropy,
specific heat at constant pressure and at constant volume, specific-heat
ratio, isentropilc expansion coefficient, and velocity of sound. Alter-
natively, tables are presented for calculetions in which either the ’
density or the pressure may be the varieble.

This report is one of a serles of papers on the thermodynamic prop-
erties of technically important geses complled and calculated at the
National Bureau of Standards under the sponsorshlip and with the financiel
asslstance of the National Advisory Committee for Aeronautics.

SYMBOLS

a "sound velocity, m sec™l or £t sec™t

a,b constants in Berthelot equation of state

a® sound velocity for ideal gas, m sec™l or ft sec"l

B second virial coefficient in 1/V series, a function
of temperature, cm? mole~l

B(O)(7) second virial coefficient function, B/b,

bo characteristic parameter of Lennard-Jones interaction
potential, %F-Nr03,~cm5 mole~l

bo bo for pairs alone as distinct from pairs in larger
clusters, cm em? mole~L

b3 by for pairs within a cluster of three, cm5 mole~1

c third virial coefficient in 1/V series, a function

2

-of temperature, (cm5 mole“l)

c(0)(+) " third virial coefficient function, C/bo> in simple

theory
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%
CPO
Cy

(o]
CV

€1sC25C1 25
cll’cel’clar

D

EO

heat capaclty at constant pressure, various units

heat capacity at constant pressure for ideal gas,
various units

heat capacity at constant volume, various units

heat capacity at constant volume for ideal gas,
various units

coefficients In correction for specific heat at
constant pressure

fourth viriel coefficient in 1/V series, a func-
tion of temperature, (cm3 mole‘l)

internal energy, various units} also, fifth virial
coefficient in 1/V serles,.a function of temper-

ature, (cm5 mole'l)

Internal energy for ideal gas, various units
enthalpy per mole, various unlts

enthalpy per mole for ideal ges, various units

coefficlents in enthalpy correction

Boltzmann constant for proportionality of energy to
temperature, 1.38048 x 10716 erg k1

molecular weight (chemical scale), g mole™t
Avogadro's number
pressure, atm or dynes cm=2

critical pressure, atm or dynes cm™2
atmospheric pressure, 1 atm or 1,015,250 dynes cm=2

pressure parameter for pair of molecules, Res/bgk




P3

g0
81,690,812,
81',80',810"
T

Te

U

\)

Ve

Wi,Wo,W10,
LAREL- R PY

z

21,205,212
z3'520" 520"
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pressure parameter for cluster of three molecules,
R€§/b3k

universal gas constant, various units

distance between two molecules

classical distance of closest intermolecular approach
at zero energy according to Lennard-Jones poten-
tial, A

entropy per mole, various units

entropy per mole for ideal gas, various units

coefficlents- in entropy correction

absolute temperature, °K or °R
critical temperature, °K or °R

potential energy of interaction of two molecules

volume per mole, em? mole™t

critical volume, cm§ mole~t

coefficients in correction for specific heat at con-
stant volume .

compressibility factor, PV/RT

coefficients in Z = PV/RT

isentropic expansion coefficient, - X(EE) = ~y X(QB)
P\av s P\QV P

isentroplc expansion coefficient for ideal gas

retio of specific heats, QE/Cv

ratio of specific heats for ideal gas, Cpi/cvo



NACA TN 3272 7

€ maximm energy of binding between molecules with a
Lennard-Jones potential, ergs

e/k characteristic parameter of Lennard-Jones interaction
potential, %K

es/k - e/k for pairs alone, °K

ez/k e/k- for pairs within a cluster of three, %K

p density, mole cm‘3, Amagat units, and so forth

T reduced temperature, kT/e

Te T for critical condition

To T for pairs alone, kT/e,

T3 + for pairs within a cluster of three, kT/e5

TABLES

The relations on which the tabulations are based may be derived by
standard thermodynamic methods on the basis of the virial equation of
state (2) with C given by equation (4). In these relations, the nomen-
clature of Bird, Spotz, and Hirschfelder is used (ref. 11), so that
B(l)(T) =T dB(O)(T)/dT, B(e)(T) = 12 d?B(O)(T)/dTa, C(l)(T) =T dC(O)(T)/dT,

and C(2)(T) = 12 d2C(O)(T)/dT2- The tebulations and related formulas
are applicable to nonpolar gases having lLennard-Jones 6-12 pair energies
and distinct parameters for clusters of three molecules. With energy
and volume paremeters of €p and bp for a pair and €3 and b3 for

a cluster of three, the pressure parameter for the pair is p, = R€21b2k

and, for a cluster of three, the pressure parameter for the pair is
Pz = Re3!b3k. With the pressure parameters, the pressure dependence of

the thermodynemic properties in dimensionless form can be expr%ssed in
terms of the dimensionless ratios P/pe, (P/p2)2, and (P/b5) , the

dimensionless coefficlients for which are given in tables 1 to 5. Alter-
natively, the dependence on volume can be expressed in terms of the

dimensionless ratios bp/V, (bp/V)2, and (bs/v)? with dimensionless

coefficients which are also given in tables 1 to 5. Detailled formulas
are to be found in the appendix.
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Fach of tebles 1 to 5 contains two sets of three columns of coef-
ficients following the column for the temperature variable T, one set
being for density dependence and the other, for pressure dependence.

In each of the two sets the first .column of the three is for the linear
dependence, while the second and third columns are for the gquedratic
dependence. Their appropriate multipliers are indicated in the tables.

The second column gives the entlre quadretic contribution in case the
Lennard-Jones parameters for the cluster of three are ldentical with those
for a single palr of molecules. If the parameters for the cluster of three
are different, then the entire quadratic contribution 1s composed of

three parts of which one is obtained from the second column at Tz and

the other two are obtained from the third column at Tz end at Tp,
To and Tz being given, respectively, by kT/€2 and kT/e3. The
tables cover the temperature range given by 0.7 <T <400 for all
quantities tabulated with the additional extension down to 0.15 in the

cage of the linear terms. The entries are spaced sufficiently closely
s0 that three-point interpolation will be adequate In most cases

(ref. 13).1 since boiling points are typlcally near T = 0.8 with
critical points near T = 1.%, the range of the tables covers practically
8l1] temperatures of experimental interest.

Tables 6, 7, and 8 give results for 7y, a, and & involving only
the linear dependence on density and pressure. Values of these quan-
tities including the quadratic correction effects can be obtained by
means of the defining formulas. Thus ¢y 1s readily obtained from the
values of Cp and Cy. As a 1is glven by 7EZ - V(BZ/av)iﬂ/Z or
7%/[2 - P(BZ/BP)&J, it can be computed quite directly if 2Z is known
in terms of coefficients for powers of the density or of the pressure.
Similarly, a2 is given by RTaZ/M. The evaluation of the quadratic
terms for 7y, a, and a has not been performed for these tables
because of the complexity of the formulas and the adequacy of the
direct calculation. Inasmuch as the ideal-gas specific-heet ratio 70
is also & perameter, entries are given in the tables for various values
of this ratio ranging from 1.40 to 1.00 in steps of 0.05 and for the
single value 7° = 5/3. The latter is the value for an ordinary mon-
atomic gas considered as ideal. Similarly, 7° = 1.40 is the theoret-
ical value for an ideal diatomic gas at low temperetures where trans-
lational and rotational degrees of freedom are fully excited but where
there is no vibration (CP%/R = 3.5), whereas »° = 1.10 corresponds to

relatively complex polyatomic geses at higher temperatures where meny
vibrational degrees of freedom are contributing (CPO/R = 11).

= - Y@py | Y.(?.Pj.)
The isentropic expansion coefficient o = P(dV)s = =~y B\ ¢
(see the appendix) is perhaps an unfamiliar quantity requiring further

x(1 - x)

5 Aaf(a.)

lr(a + xw) = £(a) + x &f(a) -
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explanation. For an ideal gas, it will be noted, it is identical with 7,
the true specific-heat ratio. In many formulas of gas dynamics involving
expansions through nozzles, the ideal-gas laws are assumed and, hence, 7
and o may be written interchangeably. When deviations from ideal-ges
behavior are to be considered, however, it will sometimes be found that
the usual idal-gas formules are valid if o, rather than ¥, is used.

For example, the familiar equation for the velocity of sound is

a? = PvaML. Similarly, the resonance method to determine » gives o
the more directly, so that 7 1is obtained after correction for effects
calculable from the equation of state. On the other hand, the method for
determining 7y by the amount of cooling in an adiabatic expansion gives

directly a different quantity B, according to 1 - ﬁ‘l = %G%g)s = é;CdeP

which in the limit of low pressure becomes 1 - 7'1. If the change in
state during an expansion covers a wide range of pressure or temperature,
go that o or 7 is not constant, further refinements must be con-
sidered (ref. 1k).

For the density-dependent parts of the tebles, the multiplying
factor for density in moeles per unlt volume for a given entry in the

linear correction is a quantity frequently known as bg = % ﬂNT03 and

here indicated as bp. The subscript o here replsced by 2 +to sig-
nify a pair of molecules is also replaced by 3 for cases in which it
refers to the effective parameter for a cluster of three molecules.

If ro 1is in the usual units of A (lO"8 centimeter), values of the
multiplying factor beo for various values of ro and various units
of density are as presented in table 9. For the pressure-dependent
tables, the multiplying factor for pressure for a given entry in the
linear correction is the quantity ba/R(e2/k). If by 1s in cubic
centimeters per mole, as in table 9, and ep/k 1is in %K, the values
of the constant R +to transform from the density-dependent to the

pressure-dependent factor for various units of pressure are as given
in table 10.

USE OF TABLES

The utility of the tables is twofold. First, if values of the
parameters e¢/k and by are known for palrs (28 ep/k and by) and

for triples (as e€z/k and bz}, wvhen different, one may calculate the
3 5

density dependence or pressure dependence of the thermodynamic fumctions,
at any temperature covered, at low and moderate denslties or pressures,
by the following procedure. Calculate Tp = kT/e, and T3 = k?/e3
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and, according to whether density or pressure is to be used as variable,
calculate by and b3 or bg/R(eQ/BQ and b3/R(e3/%9 (or the recip-
rocals of the latter, Re2/b2k = pp and Re3/b3k = p3) in the appropri-
ate units. Next, interpolate in the density or pressure part of table 1,

2, 3, 4, or 5 that treats the desired property to find values in the first
column and third columm at the value of To and values in the second col-

umn and the third column at the value of T3 The linear contribution

is obtained by multiplying the vaelue from the first density columm by
bg/V or by multiplylng the value from the first pressure colum by
[b2/R(€2/ki]P or P/pp. For the quedratic dependence, the values at Tz

are to be multiplied by 2/1h,2 for the density-dependent functions
2

or by bsPer?/b?es? = poP/ps2 in the case of tables for obtaining the

pressure. dependence. After obtaining the sum of products based on val-~
ues from the second column at T3 and the third column at T,, the

product based on the value in the third column at T3 is to be subtracted.

The combined quantity is to be multiplied by (ba/V')2 when using density
as a variable or by (P/%e)z when using pressure as a varleble. The

adding and subtracting of the two values found in the third columm with
their proper multipliers is indicated by (—l)i(bi/V)a for the set in

which density is the varisble and by (-1)1(P/p;)2 s multiplier for the

set in which pressure 1s the varisble. If the parameters for the cluster
of three are identical with those for a pair, then the two contributions
from the third column are of equal magnitude and opposite in sign,
giving no net contribution. When the three contributlions to the quad-
ratic dependence have been evaluated and combined with the linear con-
tribution, the result may be added to the ideal-gas value to obtain the
real-gas value. This procedure is applicable either if one is to cal-
culate the real-gas value, the ideal-gas value being known from previous
calculations, or if one is to correct an observed real-gas result to
the corresponding ideal-gas value. In the latter case, since the 1deal-
gas ratio of specific heats 7° enters the tables for 7, «, and a,
it is necessary to find the corrections for these properties by succes-
sive approximations.

As an example'of this direct use of the tables, one might consider

the calculation of the density of gaseous methane at a pressure of
15 atmospheres and a temperature of 473.16° K. Turning to table 11, it
is found that the appropriate parameters are estimated to be
62/k = 148.2° K, ez/k = 145.29 X, pp = 173.3 atmospheres, and

= 165.5 atmospheres. These give To = 5.1927 and T3 = 3.2587, with
P/pp = 0.08655 and P/ps = 0.09063, giving (P/py)2 = 0.00749 and
(P/p3)2 = 0.00821. Referring to the pressure part of table 1 for T = Tp
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and T = T3, the values obtained for the coeffilcients are:
At T, = 3.1927, z;' = -0.01811

At = 3.1927, z,' = 0.00099

I\)-l
!

At T3 = 3.2587, 22' = 0.03215
At T3 = 3.2587, z;,' = 0.0004k

The value of Z or PV/RT, the compressibility factor, is then given
by

%% = 1+ (-0.01811) X 0.08655 + 0.03215 x 0.00821 + 0.00099 X

0.00749 - 0.00044+ x 0.00821

1 - 0.001567 + (0.000264 + 0.000007 - 0.00000k4)

"

0.9987

Then the value of V-1 is obtained from %% %% using the value of R
of 82.0567 cm’ atm/mole °K:

0.9987 X 82.0567 cm’ atm mole L %k~1 x 473.16 %k

386.85 X 10~6 mole/cm§

Multiplying by the molecular weight 16.042, a density of 0.006206 gram
per cubic centimeter or 6.206 grams per liter is obtained.
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Alternately, one may use the tebles to derive values of e/k
and by, from experimental data, if the latter cover a wide range of

temperature for one property, or several properties, and if the ideal-
ges properties are known. One such procedure has been used in refer-
ence 12, taking into account effects on various properties including
coefficients other than the virial coefficients.

A simple extension permits the use of a third parameter to obtain
& closer representation for pairs and clusters of three molecules.
Recognizing that the extent of phase space from which clusters are
excluded is in some degree independent of the binding energy and the
extent of phase space in which the binding energy is effective, additive
constants may be included for KoRT and K3(RT)2, that is, for B and

282 - % C. Thus, the extension is to use B = ba[?Q + B(O)(125] and

2
Cc - 48 = b32{é3 + C(O)(TB) - [;B(Oi] (73)}, vhere Bp and B3 are
constants. The changes required in all the thermodynemic formulas are
simply to replace B(O)(T2) by Bo + B(O)(TQ) and to replace C(o)(TB)

by Bz + C(O)(TB). By referring to the fundamental equations in the

appendix, the necessary algebra can be performed to take account of these
constants so that results may be obtained from the present tables by
extended combination of their values as indicated by the resulting for-
mulas. For example, in the case of the enthalpy function (H - H®)/RT,

the coefficient of bp/V in table 2 1s changed from the 5(0) (r2) - p(1) (o)
tabulated to By + B(O) (ry) - B(1)(r5). For the coetfictent of (by/V)?,
the value from the middle column, G(o)(T3) - % C(l)(73), is changed to

';33 + (0 (v3) - % C(l)(TB) prior to multiplication by b32 b22. The

2
value in the third column at T, h{Eé(O)(TQi] _ B(O)(TE)B(l)(TZi}’
is changed to hﬁaz + hBeB(o)(T2) + 452[§(0)(T2)B(l)(725] + h{]%(o)(T2i]2 _

B(O)(Tz)B(l)(Ta)}. The second of these three added quantities is hﬁz

times the firet tabulated coefficient for 2Z; the third is L4Bs times
the first tebulated coefficient for the present (H - H°)/RT.

VAIUES OF PARAMETERS; REDUCED EQUATION OF STATE

Values of the parameters e¢/k and r, have been deduced for most
of the common gases from various sets of data by various authors. A
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tabulation and comparison of the values obtained from the viscosity and
the second virial coefficlent are presented in reference 2 and additional
values from the second virial coefficlent are glven in reference 11.
These values are quoted in table 12.

Other data in table 12 include values of Tc = kTc/ep and Ve/bp.
Here ch/e2 is the ratio of the critical temperature to the average

value of e/k from the viscosity and second virial data. Similarly,
Vb/bz 1s the ratio of the critical volume to the value of b calculated

from the average value of ro from the two types of data. It will be

noted, as Hirschfelder, Bird, and Spotz point out (ref. 2), that the agree-
"ment of the parameters from the two types of data is only fair, being best
for the more spherical gases that are more likely to obey the lennard-

Jone 6-12 potential and worst for carbon dioxide and nitrous oxide.
However, the average parameters reproduce all transport and low-pressure
thermodynamic data fairly well. To obtain parameters for other molecules,

specifically to predict PVI and thermodynamic properties more reliebly,
it is reasonable also to examine such data without using the viscosity
parameters. ’

It might seem that such reduced parameters as kTq/ea and V@/ba

would be roughly constant for all gases on the basis -of the law of corre-
sponding states according to the assumption that the potential function
between molecules in higher order collisions is, in effect, about the
same as that in binary collisions. However, it has been demonstrated

in connection with the third virial coefficient that the pair potential
function 1n a group of three molecules is appreciably different from
that for an isolated pair (ref. 12). As the difference may continue

in the progression to larger clusters, 1t 1s appropriate to examine
evidence for the systematic effect of parameter change. One such effect
would appear in the value of PcVé/RTc, which is known to vary appreciably
among different substances.

Figure 1 shows corresponding values of Pch/RTc and ch/e2 based
on PVT data for various substances from a variety of sources. While
acceptance of 1.3 as an average value of ch/e2 may give 62/k approxi-
mately from the experimental T., agreeing with the theoretical estimates

of 1.26 by De Boer and Michels (ref. 15) and 1.333 by Lennard-Jones and
Devonshire (ref. 16), it seems likely that a better value in the absence
of a direct experimental value for €2/k might be obtained by reading

from the graph if the value of PeVe/RTe 1is kmown.

Similarly, an average value of Vb/bg near 1.4 1s close to the

theoretical estimates of 1.50 by De Boer and Michels and 1.35 by Lennard-
Jones and Devonshire. In the absence of a direct experimental value
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for by, a value might be estimated from such an average value or perheps

more closely from Ve and figure 2, which shows corresponding values
of PCVC/RTc and Vb/ba based on PVT data only. Hirschfelder, McClure,

and Weeks (ref. 17) cite average values of 1.299 for ch/€2 and 1.47
for Vb/b2. ‘

The ratios between parameters for clusters of three and of two mole-
cules are also found to be related to the values of the critical constants.
Values for the ratios e5/52 and b3/b2 as obtained in fitting PVT

data may differ somewhat randomly, being influenced by the range of
reduced temperature for which the fit is obtained. This may be attrib-~
uted to failure to represent well the actual complicated potential func-
tion for the clusters. Parameters suiteble over a range of temperature
including both the critical temperature and somewhat higher temperatures
may thus be expected to be more comparable than parameters based on seg-
ments of a higher temperature range not corresponding on a reduced-
temperature basis. A procedure intended to improve the estimates through
a knowledge of the critical conditions will now be described.

If the classical condition for the critical point (aP/av)11 =0
and (BEP/BVE)T = 0 1is used with the equation of state in the virial

form PV/RT = 1+ B/V+ C/V2 + D/V2 + E/W* + . . ., it is found that
the critical density may be estimated with a serlies beginning as

B oDB2 , 10EB°  8D2B°

= - == = +o=xbB2 2208 L,

c 3¢ 9 st 8icd

and giving

as a beginning approximation. This expression is not to be regarded as
fully definitive, as its form is changed somewhat if the next higher
derivetives are also taken as zero.

However, an examination of the relationship between B2/C and
PV/RT at the critical point can be made emplirically by using the results
of Meyers (ref. 18) for the representation of critical isotherms. As
critic#l constants have been determined for many substances, Pch/RTc

may give a fair estimate for B2/C at the criticel point, giving an
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indicated value for C if B can be estimated reliably. This can help
to give a better overall function for C +than might come from correla-

tion of higher temperature data alone. The values of B%/C 50 obtained
are of the order of magnitude of 9Pch/RTc but are uniformly samewhat

greater. In figure 3 values are shown as obtained by Meyers and as indi-
cated by the values of b3§/b22 and 62/62 recently obtained. On the

basis of approximate agreement some of the parameters obtained earlier
appear fairly relisble. The considersble departure in other cases has
been rectified through the fitting of C at the critical point as indi-
cated on the basis of Meyers' critical isotherms. For same substances
the fit is still only spproximate over extended ranges of temperature,
possibly because of departure from the spherical symmetry implied by the
Lennard-Jones potential.

Using the "improved" constants, one simple correlation is shown in
figure 4 in which (63/62)(b3/b2)l/2 is plotted as a function of

(ch/eg)(bg/Vc). The scattering of points with the use of the prelimi-
nary or unimproved constants is appreciable. The use of the eritical
condition is seen to reduce the scattering considerably. Two sets of
improved constents for approximate representation for carbon monoxide
resulted from combining the critical constant with (1) older virial data
as used in the NBS-NACA tables and (2) newer data of Michels.

In figure 5 (63/62%£b2/b391/2 is shown, using the improved con-
stants of figure 4, plotted as a function of Ve/bp. The lower point
for carbon monoxide (CO) was obtained using the older virial data; the
upper point, using newer data of Michels. It appears that the points
form a band of considerable and seemingly varying width. However, there
is a possibility that further improvement in critical constants and
parameters for clusters of two and three molecules will lead to better
but more complex correlations of these data.

It would accordingly seem that, if other experimental data are
missing, 1t still may be possible to calculate approximate corrections
to the thermodynamic fumctions for nonpolar, approximately spherical
gases from the tables and graphs presented here using the known values
for the critical constants.

In teble 11 some of the numerical values for parameters obtained
for pairs and clusters of three are listed. Values are given both as
obtained by direct PVT correlation and also as adjusted for the criti-

cal condition. In addition to these values of e/k and b, = % ﬂNTOB,
corresponding values are given for the ratios e3/eé and b32/b22 and
for pp = Ree/kba, Px = R€3/kb3’ and ng/p32.




16 NACA TN 3272

While the constants as adjusted to fit the critical condition are
probably prefergble near the critical temperature, it can be expected
that constants fitted to good higher temperature data will be preferable
for the higher temperature regions. This is due to the limitations of
the lennard-Jones functions In representing all details exactly.

DISCUSSION

It must be reemphasized that the tables are valid only to the extent
that the gas imperfection is representable in terms of pair energles
equivalent to binary encounters of sphericel nonpolar molecules and
pair energles in triple encounters, the potential energies for palrs
in an encounter being of the form of equation (3). How adequate these
assumptions are will, of course, depend upon the precision of the result
desired. Deviations of properties of actual gases from those calculated
will be of two kinds: Those due to interactions involving a greater
number of molecules and those due to inadequacy of the 6-12 potential.
At rather low pressures, the third virial coefficient is relatively
unimportant in regard to deviations from ideal behavior, in the sense
of contributing less than 5 percent of the deviation at densitles below
5 Amagats. At high pressures such deviations should not be neglected,
and it may be necessary to consider virials higher than the third in
such cases.

There has been some interest in the limitations of the 6-12 poten-
tial for the exact representation of actual deviations from ideality.
It is certain that the 6-12 potential does not give & completely accu-
rate representation of the pair potential for any molecule, since theory
indicates additional attractive terms proportional to the eighth power
of the distance and exponential, rather than twelfth-power, repulsive
forces even for the monatomic molecules, which give spherical symmetry.
However, these refinements lead only to minor changes in the resulting
form of B(T), such as may be adjusted for by a change in the param-
eters € and rg. It is probable that no simple function with two
disposable parameters can do better, in general. For molecules with
large departure from spherical symmetry, the 6-12 potential may be
expected to give only a rough representation of derived properties over
an extended range of temperature. The comparative studies of various
potential functions have, in general, hitherto been based on experimental
vaelues of the second virial coefficient derived from density measure-
ments; since, however, the thermodynamic properties involving higher
temperature derivetives of the virial coefficients, such as Cp and
sound velocity, are more sensitive to the particular form of the equa-
tion of state, it can be expected that their measurement as a function
of pressure and temperature will also lead to conclusions concerning
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the sultability of the Lennard-Jones potential function as a basis for
the calculation of all of the thermodynamic properties.

National Bureau of Standards,
Washington, D. C., May 5, 195k.
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APPENDTIX
DETATLED FORMULAS FOR THERMODYNAMIC PROPERTIES

The relations which follow may be derived by standard thermodynamic
methods using the indicated equation of state. The nomenclature of Bird,
Spotz, and Hirschfelder is used; namely,

B(l) () = 7 dB(O) (1) faT

82 (1) = 2 a2p(0) jar2

C(l) () =7 ac(©) () /far

0(2) (1) = 72 dec(o) (t) far@

The superscript o applied to the quantities E, H, S, Cy, CP’ and
so forth indicates that the property is for the ideal gas.

The reletions for 2z, E, H, S, Cy, and Cp, as arranged for

tabulating for a nonpolar gas having pair energies given by & Lennard-
Jones 6-12 potential with distinet parameters for clusters of three
molecules, are:
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The compressibility factor Z = PV/RT:

2= 14 300 (r, oo 1) + %«»(T}) (2fe22) - 4o, )]é(b;/bee) .
[0 (m)]Q} (va/4)° |
- 247,70 (1) (500 ) 4 <73‘2{c(°)(-r3) _
EQ (»rB)]E}(b;ege/bae%é) - o590 )] Hos2es?orfes?) +

5[ 7o~28(0) (r, )] 2>(b2kP/Re2)2

The internal energy E:

(£ - %) /rr = -B(}) (r2) (oo V) - [0.50(1) (T3)(b32/b22) -
hB(O)(T3)B(l) (75)(b57/827) + 15(0) (72)3(1)(72)](b2/v)2

= _72‘13(1)(72)(b2kP/Re2) - {73'2 _0.50(1)(1'3) -

(0)

2 2
B 2. 2 )_

(T3)B(l)(73)](b3 € b2 63

752800 ) B v5)(P3 e b5 ) +

3T2—2B(0) (Ta)B(l) ( 72>} (bsz/Reg)2
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The enthalpy §H.

(8 - 5°) /pr - EQICEE B<1>(T2ﬂ (0pfr) + ( L‘C<o>(.,3)_

‘ 0.5¢(3) (=, )] (o52/5:2) - 4{[]3(o>(T5 -
LT (73,}(%%22) . h{[B(w(Te 1
B<o>(T2);<l>(T2)})(-b2/v)e

= ) - 20, ey ) (73-2 @,

05621y _ B

5(%)( )3t T3)}("32622/ bo%e;?) -

37572500 (1) [3(0) ) 3] (o2e,2nr20s2)

BTQ-ZB(O) (1-2)53(0)(72) - B(l) ('re)])( bakP/Rea)e
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The entropy S with P, = 1 atmosphere and S° at 1 atmosphere:
(5 - 8°)/m = 208, (equ/r) - [3(0 () + 3 (r,)) (be/v) -
| G.spo) ) = O o5t) - 25O
(0 (r, )Bm(%)‘[ (v525%) + 2{[3«» (ol +
28 (Ta)}>(bgfv)2
= 1oge (Po/P) - 7o B (r5)(vpkp/Rep) + o.5<73‘2{c(°)(T3) _
o () + 20 (rgpp M () - [B“’)(Ts)]a}(bfef Fest
512 5O (5]]” - 23 g pD ) (o20/0202)

37,72 {[B(O) (Taﬂe - 2B(O)(T2)B(l)(T2)}>(b2kP/R€2)2
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Ime specific hest st constamt volume Cy:
(cv - o2)fr = -[28 (m) + 2B (m5) | (ve/v) - ([c“) (73) *
0.56(® (575 {8B<o>(T 150 () + A
15(0) (15)2(2 TB)}( o) + fopO rop® () +
0l
- .72-1[23(1) (72) + 3@ (Teﬂ (bprp/Re) +
(T3-2[2B(°) (TB)B(l)(B) + 8(0) (73)3(2) (3) - c(l)(T3) -
0563 15| (15PecEfoc?) + 752 O (1))
65(%) (58D () + u\}a(l)(TB)]a}(bfez"‘/baaef -

72—2{3]3(0)@2)3(2)(72) + 6300 (rp)5(1) () 4

h[B( 1.) (Tz)] 2}>(b2kP/ Re2)2
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Ine specific heat at constant pressure Cp:
(% - &7)/2 = =2 (x3eof) + ({c‘l’m - 0(r3) - 050y
[0 ) - 33 ):I}ba /3 + {EB(O)(TB) )
SO ] ¢ 1560 ) - O ) -
5 ()] + 1800 (1) (1, )})(bg/v)z
= o788 (n) (b e Re) + <73"2{c(l) (r5) - c(O () -
0.56(2) (r5) + () (1 33) (13 4 [0 )
] H ) B0 sy
[59(ry) -B<1>(75)]2} 2e,2/,2es?) -
55272500 (o2 (1) + [369 () -

51 (Tzﬂ 2}>(b2kP/R<-:2)2
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The dependence of 7, the ratio of specific heats, o, the isentrople
expansion coefficient, and &, the velocity of sound, on the second virial
coefficlent and its derivatives may be indicated as follows:

The specific-heat ratio ¥y = Cp/Cv

y =7+ [:(70 - 1)23(2) (72) + 299(y° --l)B(l) (Tzﬂ (bQ/V)

7° + 72'1B7° - ].)2B(2) (1'2) + 2y9(y° - l)B(l) ('rzﬂ(bsz/Rez)
The isentropic expansion coefficient a = ~(V/P)(3P/3V)g:

a = -(V/P) (3P/3V) 7

7° + [70B(0) (T2) + 2y9(y0 - 18D (2) + (o - 1) 2p(2) ('raﬂ(ba/v)

70 + 72»1[7013(0) (o) + 2r0(y0 - 1)8(1) (rp) +

(7° - 1) 213(2)(72)1 (box®/Rey)

The veloecity of sound a with a at low pressure equal to
a® = (RY°/M) e (PVa® /M) 1/ 2,

2222 (5 () + 00 - 1 (rg) + 0509 = )5 ()] e
- o B () + 60 - 03 (ry) +

0.5(° - 1)2(,°) -15(2) (Ta)](bekP/Rez)
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TABIE 1.- COEFFICIENTS IN Z = PV/RT

|:z =14+ zl(-ra)(ba/v) + [z2(73)(b32/b22) + 21p(7p) - 212(73)(1)32 /ngaﬂ(b2 /v)a

=1+ zl'(Ta)(P/pa) + I:zé'(w)(ma/p52) + 212'(T2) - 212'(T3)<P22/.p32)](P/P2)2]

23, Zp ST zy' zy' z30'
T (a.t 1'2) (at 73) (a.t Ty, 1=2, 3) (at 'r2) (at 1'3) (at T, 1=2, 3)
(a) (v) (c) (a) (e) (£)
0.15 | -466.37 8.7 x 10° -3,109.1 2.9 x 107
.20 | -110.577 148,500 -552.887 917,050
25| -48.203 9,294 -192.811 111,528
-27.881 . -92.935 25,910.9
gg -%.755 2;418238 -53.585 8161&.19
-13.799 T61.632 -34.497 3,570.15
45 | -10.755 462.676 -23.500 1,715.61
50 -8.7202 304.168 -17.4404 912.504
~7.2Th1 239.649 -13.2256 59%.172
A -g. igheo 153.659 -10.3300 320. 124
65 -5.3682 115.270 -8.2588 20k. 621
T0 ~4.7200 | -3.3766 88.7378 -6.7286 | -52.1655 135.8231
™ 4.1759 | -1.7920 69.7535 -5.5679 | -34.1873 93.0046
80| 3.2 .8y 55. 7778 4.6678 | -23.1156 65.3646
.85 3.;2’;1 -.27?62 L5.2423 -3.9566 | -16.0376 L6.9643
.90 -3.0471 .0765 37.1396 -3.3857 | -11.368% 34.3885
.95 -2.7T749 .2951 30.8005 -2.9210 | -8.2050 25.5960
1.00 -2.5381 Log7 25.767h -2.5381| -6.0122 19.3256
. -2.3302 .5108 21.7197 -2.2193 | -4.4618 . T53
i—.gg -2.:3L?+61+ .2576 18.4237 -1.9512 | -3.3465 1142201
1.15 -1.9826 .5822 15.72%6 -1.7240 | -2.5321 8.9170
1.20 -1.8359 .592}4 13.4828 -1.5%300 | -1.9294 7.0223
1.25 -1.7038 .3933 11,6114 -1.3630 | -1.4781 5.5735
1.30 -1.5841 .5882 10.0376 -1.2185 | -1.1%68 k4545
l-3 -1 E -2793 8.7055 -1.0928 -.8763 3.5825
1.22 -1.37723 .5683 7.5T18 -.9827 -.6758 2.897h
.45 -1.2847 .5561 6.6020 -.8860 -.5205 2.3551
1.50 -1.2009 54348 |, 5.7685 -.8006 -.3994 1.9228
1. -1. .5306 5.0492 -.T249 -.3046 1.5762
1.22 -1.012313 .5180 h.léggl ~-.65'7h -.22991709 igggz
1.6 - . 3.8845 -.5972 - .
1.72 -.%2 3333 3.4123 -.5433 -.1242 .88s55
1.75 -.8659 4832 2.9994 -.ho48 -.0871 -34S
*Multiply values by by /V.
Plultiply values by (b5/V)?.

CMultiply values by
%4811 tipy values by P/po-
®Multiply values by (P /p3)2.
TMu1tiply values by (-1)1(P/p1)2.

(-1) i(bi/v)2.

a7
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TABIE 1.- COEFFICIENTS IN Z = PV/RT - Continued
z) Z2 Z32 z! zp' z1p'
T [(et T2) (at 75) | (et T 1=2,3) (at 7o) [(at Ts)|(at Ty 1=2, 3)
(=) (v) (e) (8) (e) (£)

1.80 | -0.8120 0.4728 2.6376 -0.4511 | -0.0576 0.6106

1.85 | -.7615 .16%0 2.3198 -.k116 -.0342 .5084

1.90 | -.71k1 4538 2.0400 -.3759 -.0156 4238

1.95 | -.6696 k52 1.793k -.343h ~.0008 43537

2.00 | -.6276 A3T1 1.5757 -.3138 .0108 .2954

2.1 -.5506 L226 1.2128 -.2622 L0271 .2063

2.2 -.h817 100 .9282 -.2190 .0368 L1438

2.3 -.h197 -3990 (] -.1825 .oi21 -0999

2.4 -.3636 .3804 .5288 -.1515 Lol T .0688

2.5 -.3126 .3811 -3909 -.1250 L0453 .0469

2.6 -.2661 3758 .2833 -.1024 .04482 .03143
2.7 -.2236 .367h .2000 -.08281 .O435h .02057
2.8 -.1845 L3617 .1362 -.06590 .04180 .01303
2.9 -85 .3568 .0882 -.05121 .03980 .00787
3.0 -.1152 .352% L0531 ~-.05841 .03767 L0043
3.1 -.0844 23484 .0285 -.02723 . 03552 .00222
3.2 -.0558 349 .012L -.01743 .03338 .00091
3.3 -.0291 23418 .0034 -.00883 .03131 . 00023
3.4 -.0043 .3389 .0001 -.00126 .02932 . 0000k
3.5 .0190 L3364 .001h .005k2 02743 .00009
3.6 L0407 L3341 .0066 .01131 .02565 .00038
3.7 .0611 .3320 .0150 .01652 .02398 .00082
3.8 .0803 .3300 .0258 L0214 .02241 .0013L
3.9 .0983 .3282 .0387 .02521 .02094 .00191
4.0 L1154 3266 .0533 .02885 .01958 .00250
4.1 L1315 .3251 .0692 .03207 .01831 .00309
k.2 L1467 3237 .0861 .03k92 .01713 .00366
4.3 L1611 .3224 .1038 03746 .01603 .oo421
L.y JATAT .3212 L1221 .03970 .01501 00473
k.5 .1876 .3200 .1k08 .O4169 .01406 .00521
4.6 .1999 .3189 .1598 .04346 .01318 .00566
k.7 2116 L3179 .1790 .0k501 .01236 .00608
4.8 .2227 L3169 .1983 .04639 .01160 .00646
4.9 .2333 .3160 .2176 04760 .01089 .00680
5.0 2433 .3151 .2369 ok867 .01023 .00711
5.2 .2622 L3134 .27h9 .05042 . 00905 .0076%
5.4 L2794 .3119 .3122 .05173 .00802 .00803
5.6 -2951 3104 3483 05270 .00712 .00833
5.8 -3096 -3090 .3833 .05338 00634 .00855
6.0 .3229 L3077 RISkl .05382 .00565 .00869

aMultiply values by b2/V.
byuitiply values by (b3/v)2.

CMultiply velues by (-1)1(b1/V)2.

Gn1t1ply velues by P/D,-
eMultiply velues by (P/p3)2.

Tialtiply velues by (-1) i(P/pi)e.
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TABLE 1.- COEFFICIENTS IN Z = PV/RT - Concluded

29

TMultiply velues by (-1)1(P/pi)2.

27 25 z zl' zz' 212'
T |(at Tp)| (st Ts)|(at Ty, 1=2,3)(at )| (at T5) [(at T, 1=2,3)
(a) (b) (c) (a) (e) (£)
6.5 | 0.3520 0.3046 0.4955 0.05415 | 0.00428 0.00880
7.0 3761 .3017 .5658 .053T3 .00327 .00866
7.5 .3963 .2989 .6283% .05284 . 00252 .00838
8.0 L3k .2962 L6837 .05168 .00196 .00801
8.5 4280 .2936 .7529 . 05036 .00153 .00761
9.0 o6 -2910 .T765 .04896 .00120 .00719
9.5 514 .2886 .8152 .o4752 . 000939 .006775
10.0 4609 .2861 .8u96 .04609 .000T37 .006372
11 L4763 .2813 .9075 .04330 .000450 .005625
12 .4882 .2768 .9535 .0k069 .000267 .00k966
13 L4975 .272h .9901 .03827 . 000147 . 004394
1k 5048 .2682 1.019% . 03606 . 0000682 . 003901
15 .5106 2642 1.0428 .o3Lob .0000156 . 003476
16 L5151 .2604 1.0615 .03220 | -.0000196 .003110
17 .5187 .2567 1.0763 .03051 | -.0000430 . 002793
18 .5215 .2531 1.0880 .02897 | -.0000583 .002519
19 .52%7 .2497 1.0971 .02756 | -.0000681 .002279
20 .5254 .2L6L 1.10%1 .02627 | -.0000740 .002070
22 .5275 .2402 1.1130 .02398 | -.0000785 .001725
2l .5284 2345 1.1168 .02202 | -.0000776 .00145h
26 .5285 .2292 1.1371 .02033 | -.0000741 . 001239
28 .5279 2242 1.1148 .01885 | -.0000695 .001066
30 .-5269 .2195 1.1106 .01756 | -.0000646 . 0009255
35 .52%2 .2091 1.0951 .01495 | -.0000528 . 0006705
ko .5186 .2001 1.0757 .01296 | -.0000430 .0005042
is .5135 .1922 1.0548 .011k1 | -.0000353 .0003907
50 .5084 .1853 1.0337 .01017 | -.0000293 .0003101
60 4982 1735 -9929 .00830 | -.0000208 .0002068
gg tgag .16;(63 .95223 . 88288 -.0000153 .0001462
L79 .15 .9 . -.0000117 .0001079
90 Riyals .1486 .8897 .00524F | -.00000911 .00008238
200 RITAN L1425 .861L L0046k | -.00000728 .00006461
200 Jdiaaky .1068 6771 .00206 | -.00000156 .00001270
300 .3801 .08ok .5780 .00127 | -.00000061 .00000482
koo .3584 .0786 5137 .00090 | -.00000031 .00000241
“Multiply values by by/V.
Pyltiply values by (bj/v)e.
“Multiply values by (-1)i(b, /v)2.
1
du1tiply values by P/p,.
®Multiply values by (P/p3)2




NACA TN 3272

TABLE 2.- COEFFICIENTS IN ENTHALPY CORRECTION

l:(n - ) [RT = 1+ hy(rp)(bp/v) + [h2(13)(b52/‘b22) + Byp(Ta) - h12(13)(b32/b22):l (ba/¥)?

- en(re)fE/ze) + [me (r3) (0225%) + B2’ (v2) - maz'(75)( 2o P/»e)2
by by by hy' hy! byo!
T | (8t ) {(at T5)[(et Ty, 1=2,3) (at T2) | (et T5) [(at 7y, 1=2,3)
(=) (v) (<) (3) (e) (£)
0.15 |-3,216.4 6 x 106 -21,443 2 x 108
20 | -575.85 254,700 -2,879.2 4.8 x 106
.25 -206.59 39,830 -86.36 478,000
30 -10%.488 11,652 -348.29 97,100
35 ~64.003 4,801.% -182.86 29,397
%0 ~k . 066 ) 2,432.23 -110.165 11,401.1
45 ~32. 7445 1,408.66 -T72.766 . 5,217.26
50 ~25.6439 89448 -51.288 2,683.4L
<55 ~20.8563 634.84 -37.920 1,573.98
.60 ~17.4468 432,54 -29.078 01,12
.65 ~14.9137 320.24 -22.944 568.47
.70 ~12.9671 | -17.72 24k .30 -18.524k | -160.80 375.95
.5 ~11.k299 | -20.82 190.92 ~15.2399 | -104.08 25h.56
.80 -10.188% | -6.65 152.18 -12.7355 | -69:84 178.34
.85 -9.1665 | L.057 123.312 -10.7841| -48.284 128.006
.90 -8.3120 | -2.%00 101.311 -9.2356 | -3h4.232 9%.806
.95 -7.5877.] -1.322 8s.221 -7.9871| -2h.794 69.989
1.00 -6.966% -.609 70.725 -6.96651 -18.290 53. 044
1.03 -6.4279 - 1347 59.9137 -6.1218| -13.7081 %0.7576
1.10 -5.9570 .182% 51.2441 -5.4155] -10.4164 31.7009
1.15 -5.5419 3942 43.9508 4.8190 -8.0102 24.9248
1.20 5.1734 -53k4 37.9928 4.3112 -6.2249 19.7679
1.25 L. 84kh2 .6256 33.0139 -3.8754 -4.8819 15. 8467
1.30 4.5483 .6826 28.8200 -3.4987 -3.8504 12.7899
1.35 4.2811 -T161 25.2625 =3.1712 -3.0725 10.3961
1.%0 4.0385 .T7328 22.225% -2.8846 -2.4610 8.5046
1.55 -3.8173 -T581 19.6169 -2.6326 -1.9815 6.9977
1.50 -3.6150 .T357 17.36h49 -2.4100 -1.6024 5.786%
1.55 —3.4292 .T27T 15.4110 -2.2124 -1.3008 §.8109
1,60 -3.2579 .Ti62 13.7082 -2.0362 -1.0589 4.0160
1.65 -3.0997 7025 12.2182 -1.8786 - 3.3659
1.70 -2.9529 .6872 10.9093 -1.T370 -.7039 2.8511
1.75 -2.8164 6712 9.755%6 -1.6094 -.5772 2.3891
1.80 -2.6894 6549 8. 7354 ~L.hohl -k719 2,022
1.85 -2.5706 6388 7-8306 -1.38%5 -.3854 1.7160
1.90 -2.4595 7.0258 -1.2945 -.3240 1.4597
1.95 -2.3553 607k 6.3083 -1.2078 -.2550 1.242
2.00 -2.257h 5.6671 -1.1287 ~.2060 1.0626

SMltiply values by ‘bQ/V.
Diultiply velues by (b3/V)2.
CMultiply values by (~1) 1(‘b1/v)2.
S tiply values by ®/po-
inltiply values by (P/ps)2.
TMultiply values by (-1)1(P/pi)2.
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TABLE 2.~ COEFFICIENTS IN ENTHALPY CORRECTION - Continued

Tiultiply values by

(-0i(ge)*

hy hp bip S| ! hy! byo!
T |(at 7o) |(at 7T3) |(et Ty, 1=2,3)[(at p)|(at T5) | (at Ty, 1=2,3)
(a) (v) (e) () (e) (£)
2.1 ]| -2.0782 0.5646 k.57 -0.9896 | -0.1315 0.7784
2.2]-1.9183 .5394% 3.6963 -.8720 ~-.07948 57278
2.3 | -L.TT49 .5168 2.9795 - T717 ~-. 04313 .hooh3
e | ToE | e 1-5109 Tens | oo (22930
.5 | =1.5381 . . - . .
2.6 | -1.4213 4626 1.5130 -.5467 .01248 .16786
2.7 | -1.3236 sk 1.1838 ~-.1go2 .02092 .12179
2.8 | -1.2340 4358 .9107 -4hot . 02655 .08712
2.9 | -1.1515 Ji2k6 .6840 -.3971 .03016 .06100
3.0 | -1.0752 Jaht .hg56 -.3584 .03231 .0%130
3.1 | -1.0046 .1os8 .3392 -.3241 .033k0 .02647
3.2 -.9391 -3979 -2095 -.2935 L0334 .01535
3.3 -.8780 -3909 -1023 -.2661 .03354 .00705
3.4 | -.8210 .3846 .01kl -.2415 .03297 .00091
3.5 -.76T7 3789 -.0582 -.219% .0%212 -.00356
3.6 -.7178 3739 -.1169 .1964 .03110 -. 00677
3.7| -.6709 .3693 -.1641 .1813 .02997 -.00899
3.8 -,6268 .3651 ~-.2014 -.1650 .0287T7 -.01046
3.9 | -.5854 3614 -.2302 -.1501 L0275k -.01135
h.o| -.s461 .3580 ~-.2521 -.1365 .02632 -.01182
k.a| -.5090 .3550 -.2677 -.124] .02510 -.0119%
k2| -.k7139 .3522 -.2781 -.1128 .02391 -.01182
3| -.4406 .37 -.283%9 -.1025 .02275 -.01152
L.yl -.kool 373 -.2859 -.09298 .02163 .01107
k.51 -.3792 3452 -.2845 -.08425 .02056 -.01054
4.6| -.3506 3432 -.2803 -.07622 .0195% -.00994
b7t -.3234 L3hh -.2737 -.06882 .01855 -.00929
4.8 -.2976 .3398 -.2650 -.06199 .01762 -.00863
b.o| -.2728 .3383 -.2546 -.05568 .0167h ~-.00795
5.0 -.2493 3369 -.2426 -.04985 .01590 -.00728
5.2 -.2051 L334k -.2151 -. 03944 .01435 -.00597
5.4 ] -.1646 .3322 -.1839 -.03048 .01297 ~.00473
5.6 -.1273 .3303 -.1503 -.02273 .01173 -.00359
Gol TER | Ee | am | had| S| SR
ol -. . - - . -
6.5 .0090 .32k, .0126 .00138 .007597, .000224
7.0 .0678 .3216 .1020 .00969 . 006043 .001562
1.5 .1179 .3194 .1869 .01572 . 004847 .002492
8.0 .1609 3173 .2662 .02012 .005918 .003119
8.5 .1982 3154 .3395 .02333 .003191 .003524
Multiply values by bofV.
by t1ply values by (b5/v)2.
CMultiply values by (-1)%(b /v)z.
dMnitiply values by P/po-
eMultiply velues by (P/p3)

31
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TABLE 2.- COEFFICIENTS IN ENTHAIPY CORRECTION - Concluded
hy ho hyo ' bp! hyp!
T (et 7o) | (at 3) (8t 74, 1=2, 3) | (at T15) (et T3) (a.t 5, 1=2,3)
(a) (v) (<) (a) (e) (£
9.0 | 0.2309 0.3137 0.4069 0.02566 | 0.002617 0.003768
9.5 .2596 .3120 4688 .02733 .002158 .003896
10.0 .2850 .3102 .5254 02850 .001789 .003941
11 .3278 .3068 L6246 .02980 .001245 .003872
12 23624 3034 .T078 . 03020 . 000879 .003686
13 .3907 .3001 .TTT6 .03006 . 000626 .003451
1 hako .2969 .8365 .02959 .000448 .003201
15 k339 2937 .8863 .02893 -0005205 0029541
16 1506 <2905 .9285 .02816 .0002282 . 0027202
17 648 .2875 .9645 .02734 0001603 .0025030
18 770 .2845 .9952 .02650 .0001101 .0023036
19 14876 .2815 1.0214 .02566 .0000725 .0021220
20 Lo67 .2786 1.0438 L0248y .0000k44 1 .0019572
22 .5116 .2730 1.0795 .02326 . 0000065 . 0016728
24 5231 L2677 1.1057 .02180 | -.0000151 .0014396
26 . .5320 2627 1.1246 .02046 | -.0000273 .00124 77
28 .5390 .2579 1.1381 .01925 | -.0000340 .0010888
30 U .2533 1.1475 .01815 | -.0000%T3 .0009562
35 .5533 .2k29 1.1581 .01581 | -.0000381 .0007090
ko .5579 L2337 1.1572 01395 | ~.0000348 . 0005424
45 .5598 .2255 1.1499 L0124 | ~. 0000506 . 0004259
50 .5600 .2181 1.1387 .01120 | -.0000266 .0003416
60 .5576 .2054 1.1112 .00929 | ~.0000201 .0002315
T0 .5532 .1948 1.0812 .00790 | ~-.0000154 .0001655
80 5479 .1857 1.0515 .00685 | -.0000121 .0001232
g0 .5423 L1779 1.02%0 .00603 | -.00000961 . 00009472
100 .5366 L1710 .9961 .00537 | -.00000780 0000THTO
200 .1890 .1298 .8ok7 .oo2kk | -.00000178 . 00001509
300 4567 .109% .6943 .00152 | -.0000007L . 00000579
400 L3301 . 0964 .6208 .00108 | -.00000037 .00000291

aMnltiply velues by be/V.

bMultiply values by (b5/v)2.
CMultiply values by (~1)1(b1/v)2.

Sn1tiply values by P/pa.

eMultiply values by (P/p3)2.

fnltiply values by (—l)i(P/pi)‘?.
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TABLE 3.~ COEFFICIENTS IN ERTRCPY CORRECTION

ES - 8% /R = log, (pov/mT) + 51 (r2) (b2 V) + E 2(73) (o5 2% + 512(72) - #12(3) (b32/b 22)] (v=/7)

= log, (Po/P) + 8" (1) (P/pa) + Ez'(-r}) (P22/1,52) + 8, (1) - 312'(73)(922/1,52)] (P/pz)ﬂ

81 8, 8 al' 32' 8,,."
T et ) (@t T3) | (at 74, 1=2,3) @t o) (ot ™) | @t 7y, 1=2,3)
() (1) (c) (a) (e) ()
0.15 | -2,283.6 b7 x 106 -18,333 1.86 x 108
.20 -354.676 181,300 -2,326.27 k,317,000
.25 -110.18% 25, -633.55 22,230
.30 -48.727 6,988.75 -255.36 8,150
.35 -26.493 2,690.97 -129.28 25,089.5
-16.468 1,289.784 -~75.668 9,616.01
45 -11.234 T1h.646 -148.866 3,503.64
50 . -8.2035 438,228 <33.847 2,227.19
.55 -6.3081 275.366 -24.695 1,276.90
.60 -5.0509 202.050 -18.748 Thl.
.65 4.17173 1LT7.33% -14.685 K66.16
.TO -3.5471 | -12.65 111.196 -11.7959 | -134.7 306.02
] -3.0781 -8.13 86.292 ~9.6720 -86. 208.06
.80 -2.7199 -5.38 68.516 -8.0677 -58.28 145.66
.85 -2.4403 -3.642 55.44g -6.8275 ~40.26 104.52
.90 -2.2178 -2.515 45,601 -5.8499 -28.55 T6.61
.95 -2.0378 -1.765 38.020 -5.0661 -20.69 57.19
1.00 -1.8902 -1.25% 32.073 -4 4283 -15.28 43,38
1.05 -1. 7674 ~.9009 a7.3341 -3.9025 -1L.477 33.370
1.10 -1.664% -.6542 23.5026 3.h642 -8. 743 25.990
1.15 -1.5766 -9l 20.3654 -3.0950 -6. 744 20.566
1.20 -1.5015 -.3542 17.7686 -2.7812 -5.260 16.277
1.25 -1.4366 -.2643 15.5967 -2.512% L.k 13.060
1.30 -1.3801 -.1996 15,7637 -2.2802 ~3.291 10.56%
1.35 -1.3305 -.1529 12.2042 -2.0784 -2.634 8.605
1.ko -1.2868 -.1197 10.8675 -1.9019 -2.123 T.056
1.45 ~1.2479 -.0961 9.7139 1. 7467 -1.721 5.820
1.50 -1.21%3% -.079% 8.7122 -1.6094 -1.405 4.827
1.55 -1.1822 -.0682 7.873 -1.4875 -1.148 k.023
1.60 -1.1541 -.0609 T.0691 -1.3788 -.g4ho 3.3677
1.65 -1.1287 ~.0565 6.3914 -1.2813 -.TT85 2.8308
1.70 ~1.1056 -.0542 5.7909 -1.1957 -.6439 2.3884
1.7 -1.0846 -.0536 5.2565 -1.1146 -.5357 2.0219
1.80 ~1.0653 -.0542 k. 7790 -1.0430 -.h543) 1.7168
1.85 -1.0476 -.0557 }.3509 -.9779 -.3683 1.4618
1.90 -1.0312 -.0578 3.9658 -.9186 -.3062 1.2477
1.95 -1.0161 -.0603 3.6182 -.8645 -.2546 1.0674
2.00 -1.0021 ~.0631, 3.3036 ~.81k9 -.2114 9149

aultiply values by bg/V.

Piultiply values by (b5/7)2.
“Multiply values by (-1)i(b1/‘v)2.

d1tiply values by P/pp.

€Multiply values by (B/25 2
Otaltiply values by (-1)1(p/p;)2.




TABLE 3.~ COEFFICIENTS IN ENTROPY CORRECTION - Contlnued

NACA TN 3272

8 8o 810 8q°' 8p' B8qn!
(a.t 72) (a.t 73) (a.t Ty, 1=2, 3) (at 'r2) (a.t ‘r3) (a.t Ty, 1=2, 3)
(a) (v) (e) (q) (e) (£)
2.1 | <0.9769 | -0.0693 2.7581 -0.727% | -~0.2450 0.6753
1a.2] -.9549 -.0756 2.3041 -.6530 -.0979 -5009
2.3 -.9355 -.0818 1.9228 -.5892 -.06k2 3725
2.4 | -.9183 -.0876 1.5999 -.5341 -.0k0o L2772
2.5 -.9029 -.0930 1.3245 -.1862 ~.02253 .20585
2.6 -. -.0980 1.0881 -kl -.00993 .15215
2.7\ -.8764 -.1026 .8838 -.h4o7h -.00085 .11150
2.8 -.8650 -.1068 . 7065 -.3T48 . 00565 .08061
2.9} -.8544 -.1105 5517 -.3458 .01026 .05706
3.0 -.8448 -.1138 4159 -.3200 .01347 03909
3.1| -.8358 -.1168 .2965 -.2968 .01565 .02536
3.2| -.8275 -.1195 .1909 -.2760 .01705 .01489
3.3 | -.8197 -.12175 09725 -.2572 .0L789 . 00693
341 -.8125 -.12380 01395 -.2ko2 .01831 .00091
3.5 -.8057 -.12564 -.06037 -.2248 .01841 -.00361
3.6 | -.7993 -.12722 -.12687 -.2107 .01828 -.00696
3.7( --7932 | -.12867 -.18651 -.1979 01798 -.009%0
3.8 -.7875 -.12989 ~-.24013 -.1861 01757 -.01113
3.9| -.7820 -.13096 -.28817 -.1753 .01707 -.012%0
h.0o| -.T769 -.13188 -.3320% -.1654 .01653 -. 01307
1| -.7720 -.13260 -3T5 -.1562 .01595 -.01349
2| -.7673 -.1333 -.ho716 -:.1478 .01534 -.01%65
k3| -.7628 -.1339 -.43556 -.1399 01473 -.01362
b h} - 758 -.134%9 -.16897 -.1327 .0141% -.013N4Y
hs| - -.1348 -.49573 -.1259 .0135% -.01315
46| -.7504 -.13513 -.52010 -.1197 .01294 -.01277
o) -.7466 -.13538 -.54229 -.1138 .01237 -.012%3
4.8 -.7429 -.13556 -.56254 -.1084 .01182 -.01186
ol -.73%% | -.13568 -.58103 -.1033 .01129 -.01135
.1 5.0} ~.T359 -.1357h -.59791 -.09852 -01078 -.01083
5.2 | -.7204 -.13581 -.6274, -.08986 .009828 -.009T78
5. -.7233 ~.13566 -.65214 -.08221 .008958 -.008745
5.6 -.TATS -.13536 -.67279 -.07543 .008169 -.00T760
5.8 -.7121 -.13492 -.69007 -.06939 .00T455 -.006838
6.0 -.7069 ~.134%9 - TO4L8 ~.06400 . 006810 -.005988

aMultiply values by b2/V
Pynitiply values by (b3/‘v)2.

SMultiply values by (—l)i('b:l/V)a.

dpltiply values by /p,.
eMultiply velues by (P/p5)2.

Timtiply values by (-1)1(P/p1)2.
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TABLE 3.~ COEFFICIENTS IN ENTROPY CORRECTION - Concluded

35

Bl 32 512 Bl' 82' 512'
v | (at 7o) | (at Ts) (et Ty, 1=2,3) (st ) | (at Ts) | (at Ty, i=2,3)
(a) (p) () (d) (e) (£)
6.5| -0.6950 |-0.13275 -0.73070 -0.05277 | 0.005458 -0.00417s
7.0 -.6843 -.13088 .Th661 -.okhol .004408 -.002768
7-5| -.6747 -.12892 -. 75546 -.03712 .003587 ~-.001696
8.0| -.6659 ~.12694 -.75939 -.03156 .0029%0 -.000887
8.5 -.6578 -.12hg2 -. 75984 -.02703 .002428 -.000280
9.0 -.6503 -.12287 -. 5783 -.02330 .002018 .000173
9.5 | -.6433 -.12084 -.T5405 ~-.02019 .001689 . 000508
10.0| -.6%67 -.118g92 ~-. 74502 .01759 .001420 .000754
11 -.6248 -.11520 -. 73659 -.01350 .001020 .001059
12 -.6140 -.11172 ~.T2241 -.01048 .000T7k5 .001203
13 -.6043 -.10848 ~-. 70755 -.00821% | .000552 .001254
) -.5954 -.10546 -.69262 -.00647L] .0004136 .0012504
15 -.5872 -.10264 ~-.67795 -.005110| .0003127 . 0012162
16 -.5797 -.10000 -.66370 -.004033 | .0002380 .0011653
17 -.5726 -.09753 -.64999 -.003170| .0001818 . 0011064
18 -.5660 -.09522 ~.63684 -.002472| .0001392 .0010443
19 -.5599 -.09306 -.62h27 -.001902| .0001065 .0009823
20 -.5540 -.09103 -.61227 -.0014%3 | ".000081L .0009221
22 -.5433 -.08732 -.58992 -.000720( .0000458 .0008105
24 -.5337 -.08403 ~.56956 .000220( .0000237 .0007225
26 -.5249 -.08108 -.55101 000137 .0000097 .0006280
28 -.5168 -.07842 -.53402 .000395 | .0000007 .0005556
30 -.5094 -.07600 -.51843 .00058% [ -.0000050 .0004%935
35 -.4931 -.07080 - 48451 000860 | -.0000117 .0003738
ko -.4793 -.06649 -.15630 .000983 | ~.0000133 . 0002903
45 -.4673 -.06290 -A43240 .001028 | -.0000130 . 0002305
50 -.4567 -.05982 -~ 18y .001033 | -.0000120 .0001866
60 -.4388 -.05480 -.37813 .000989 | -.00000973 .00012807
70 -2k -.05086 -.35148 . 000921 -.00000TT6 . 00009239
8o -.b1a7 -.04768 -.32974 .000851| -~.00000622 . 00006926
90 -.4010 ~-. 04502 -.31157 .000785 | -.00000505 . 00005353
100 -.3915 -.04276 -.29610 .000725 | -.00000416 .00004240
200 -.3339 -.03040 ~.2109% .000388 | -.00000100 .000008T4
300 -.3036 -.02486 -. 17264 .000255 | -.00000041 .00000338
koo -.28%6 -.02156 -.14968 .000187 | -.00000021 .00000171

BMultiply values by bo /v.
bMu.'Ltiply values by (b3 /V)a.
CMultiply values by (-1)1(by/v)2
dultiply values by P/p,-

®Multiply values by (P/p3)2.

fMultiply values by (-1) i(P/pi)a.
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TABLE )4.- COEFFICIENTS IN CORRECTION FOR SPECIFIC HEAT AT CONSTANT VOLUME
|:(cv - cv°) /R = Vl("'a) (‘ba/‘v) ¥ |:w2(-r3) (‘b52/b22) + Wi (1'2) - wip (-r3) (b32/b22)] (bz/v)a

= vy (1'2)(P/p2) + Efa‘ (1-3) (p22/p32) + “"12'("’2) - w12'(1'3) (P22/P32ﬂ (P/Pa)a]

w1 Vo Y12 W' vp' ¥1p'
-T (a.t 72) (at 73) (a.t Ty, 1=2, 3) . (a.t 12) (at 73) (at Ty, 1=2, 3)
(=) () RGN (a) (e) (2)

0.15 {16,686 6.1 x 107 111,240 -2.38 x 1010

.20 | 2,029.h -1,763,500 10,146.8 -3.85 x

.25 528.3 ~-202,200 2,113.3 -28,280,000

.30 203.66 46,190 678.87 -4,501,000

<35 98.970 -15,614 282.771 -112,300

ko 55.832 -6,Th6.1 139.580 -37,350

45 34.899 -3,436.3 T1-553 -15,112

.50 23.4921 -1,965.1 46.9842 -7,040.8

.55 16.7181 -1,224.3 30.3965 -3,645.4

60 12.4210 -81%.1 20.7017 -2,047.5

.65 9.5495 -569.5 14.6915 -1,226.6

.70 T7.5484 | 81.3 -4ik.9 10.7834 | 238.5 ~TTh.2

.5 6.1051 | 52.0 -312.5 8.1401 | 137.7 -510.2

.80 5.0336 | 3L.4 -241.8 6.2920 | 83.2 -348.5

.8 y.2186 | 23.5 -191.5 }.9631] 52.1 -245.4

.90 3.5857 | 16.h4 -154.6 . 3.9841( 33.7 -177.%

.95 3.0853 | 11.7 -126.9 3.2477 ] 22.4 -151.1
1.00 2.6833 8.4 -105.7 2.68%5 | 15.2 -98.9
1.05 2.3560 6.2 -89.1 2.2438 | 10.6 -75.9
1.10 2.0862 4.5 -76.0 1.8965 T.46 -59.10
1.15 1.8613 3.38 -65.44 1.6185 5.35 -k6.69
1.20 1.6720 [ 2.53 -56.83 1.3933 | 3.89 -37.34
1.25 1.511k 1.89 49.75 1.2091 2.86 -30.19
1.30 1.3739 1.4 43.85 1.0568| 2.13 -24.66
1.35 1.255% | 1.06 -38.90 -9299 [ 1.60 -20.%3%
1.40 1.1525 .78 -34.701 .8232 1.209 -16.896
1.45 1.0628 574 -31.119 .T330 .g22 -14.151
1.50 .9840 410 -28.039 6560 .07 -11.937
1.55 <91k .282 -25.37h4 56899 545 -10.134
1.60 .8528 .183 -23.054 .5330 J22 -8.655
1.65 -T979 2107 -21.024 4836 .528 ~7.434
1.70 .T489 .o46 -19.238 Jh05 .255 -6.417
1.75 .Tou8 -.002 -17.660 ho27 .199 ~5.567

M) tiply values by bp/V.
bBMultiply values by (b3/v)2.
Cpultiply values by (-1)3(by/v)2.
dmitaply values by B/D,-
eMultiply values by (P/p3)2.
TMuitiply values by (-1)1(P/p1)2.
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TABLE 4. - COEFFICIENTS IN CORRECTION FOR SPECIFIC HEAT AT CONSTANT VOLUME - Continued

vy, ¥2 W1p W' wa! LAT-N
T |(at ) | (at 5) | (8t Ty, 1=2, 3) (at T1p) (at T5) [(at Ty, 1=2, 3)
(2) (b) (e) (a) (e) ()
1.80| 0.6651 |-0.039 -16.258 0.3695 0.1548 ~4.8512
1.85 .6293 -.067 -15.008 3402 L1205 4.2452
1.90( .5968 | -.089 -15.890 3141 -0935 -3.7296
1.95 .56T2 -.105 -12.886 .2909 .0723 -3.2888
2.00 .540% -.J117 -11.980 .2702 .0555 -2.910%
2.1 ko931 -.131 -10.420 .2348 .0319 -2.3011
2.2 4532 -.138 -9.129 .2060 .0166 -1.8410
2.3 14193 -.139 -8.050 .180% . 0070 -1.4885
2.4 .3902 -.136 ~7.141 .1626 .0011 -1.2151
2.5 L3651 -.130 -6.367 L1460 -.0026 ~1.0004%
2.6 3432 -.12% -5.703 .1320 -. 0047 ~.83%01
2.7 23241 -.16 -5.130 .1200 -.0060 -.6938
2.8 3073 -.109 4. 632 .1098 ~.0066 -.5836
2.9 .2924 -.101 4.197 .1008 -.0068 -.4939
3.0 .2792 -.093 -3.815 .09307 | -.0067 -.k20%
3.1 267h -.085 -3.478 .08626 | -.00651 -.35952
3.2 2568 -.078 -3.178 .08025 | -.00627 -.30895
3.3 2Ly -.072 -2.911 oTho7 | -.00592 -.26667
3.4 2388 -.065 -2.672 .0702% | -.00554 ~.23110
3.5 .2310 -.059 -2.458 .06600 | -.00517 -.20102
3.6 2240 -.053% --2.265 .06222 | -.00k82 -.17548
3.7 .2176 -.048 -2.091 .05881 | -.o0451 -.15367
3.8 L2117 -.043 -1.932 .05572 | -.00418 ~. 13499
3.9 .2064 | -.039 -1.788 .05292 | -.00387 -.11892
k.0 L2014 ~.035 -1.657 .05036 | -.00%62 -.10503
b .1969 -.031 -1.537 o803 | -.00339 -.09299
k.2 .1927 -.027 ~-1.428 o589 | -.00316 -.08253
4.3 .1889 -.023 -1.327 04392 | -.00291 -.07340
k.4 .185% -.020 -1.234 o211 | -.00271 -. 06540
4.5 .1820 -.017 -1.148 ook | -.00250 -.058%9
4.6 .1789 -.01k -1.069 .03889 | -.00234 -.05222
.7 .1760 -.011 -.996 03745 | -.00218 -. 04678
4.8 733 -.008 -.928 .03611 | -.00203 -.04196
k.9 .1708 -.005 -.865 .03486 | -.00188 -.03769
5.0 .1685 -.0031 -.8066 .03370 .00176 -.03390
5.2 L1642 .0018 -.7011 .03158 | -.00152 ~.02752
5.4 L1605 .0062 -.6090 .02972 | -.00133 -.02242
5.6 L1571 .0101 -.5282 .02806 | -.00116 -.01832
5.8 L1541 L0134 -.457L .02657 | -.00102 .01501
6.0 L1514 .0165 -394 .02524 | -.00090 -.01231

“#ultiply values by bo[V.

bMultiply values by (b3 /v) 2,

CMultiply values by (-1)

(oY)

dbhlltiply velues by P/ps.

eMiltiply values by (P/pa)a.

fi1tiply values by

(-0 (/zy)2.
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TABLE 4.- COEFFICIENDS IN CORRECTION FOR SPECIFIC HEAT AT CONSTANT VOLUME - Concluded

vy V2 V1o - [ ¥ o' ¥ip'
T (at ) | (et T3) (et T4, 1=2 3) (at T2) (at T3) (@t 7y, 1=2,3
(=) (v) () (a) (e) ()
6.5 |0.1458 | 0.0226 -0.2653 0.022h4 | -0.000682 -0. 00749k
7.0 | .14k .0270 -.1674 .02020 -.000535 -.00h501
7.5 .1378 .0303 -.0915 .01838 -. 000434 -.002598
8.0 | .1349 .0327 -.0319 .01686 -.000361 -.001369
8.5 .1325 .0346 .0156 .01558 -.000306 -.000568
9.0} .1304 L0361 .0539 01ko ~.000263 -.000044
9.5 .1286 037k .0850 .01354 -.000229 .000299
10.0 | .1270 .0%8% 21105 .01270 ~.000203 000519
11 L1245 .0390 .ikgo .01132 ~.000167 .0007k1
12 2122k .0396 AT57 .01020 ~.000140 . 000805
13 .1206 .okoo .1945 .00928 -.000118 .000796
14 L1192 .oho2 .2078 .00851 ~.000102 .000753
15 L1179 L0403 L2173 .00786 ~.000088 .000698
16 L1167 L0403 .22%9 .00730 ~.000078 .000840
i7 L1157 .0h01. .2284 .00681 ~. 000069 .000583
18 k7 .0399 2314 .00638 ~. 000061 .000530
19 .1139 .0396 .2333 .00599 -.000055 .000481
20 L1131 .0393 .2343 .00565 ~.000050 . 000437
22 L1116 .0385 .2345 .00507 -.000042 .000%6%
24 .1103 L0376 .2330 .00460 -.000036 . 000303
26 .1091 .0367 .2306 .00L20 -.000031 .000256
28 .1080 L0357 .2276 .00586 -.000027 .000218
30 .1070 .0348 .2243 .00357 -. 000024 .000187
35 L1047 .0%29 .2155 .00299 -.0000179 .0001312
4o .1027 .0313 .2069 .00257 -.0000138 .0000960
45 .1010 .0299 .1988 .0022L -.0000109 - .0000726
50 09937 .0286 .191% .00199 -.0000088 . 0000564
60 .09658 .0264 L1784 .00161 -.0000060 .0000362
T0 .09419 .0246 L1675 .001346 | -.000004k .0000248
8o .09211 .02%2 .1582 001151 | -.0000033 . 0000178
g0 .09026 .0220 L1503 001003 | -.0000025 .000013%
100 .08861 .0209 L3k .000886 | -.0000020 .0000102
200 .0TT18 .0150 .1040 .000389 | ~.00000042 .00000180
300 .07165 .012k .0855 .000239 [ -.00000017 .
koo L0645 .0107 O3 .000169 | -.00000008 .00000031
8Mult1ply values by by /V. a
Pyl tiply values by (b3 [v)2.
CMaltiply values by (-1)(bg /V)a.
dmltiply values by P /p2.
er-Eultiply velues by (P/p3)2.

TMn1tiply velues by

(‘l)i(P/ Py )2'
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TABLE 5.- COEFFICIENTS IN CORRECTION FOR SPECIFIC HEAT AT CONSTANT PRESSURE
\:(cp - °p°)/R = Ql(Ta)(bafV) + I:ce (vs) (b32/ baz) + e1a(7p) - c1p(Ts) (baa/ bea)] (bafv)a
t 1 14 L 2
= e1*(vo) (p/p2) + l}a (75) (p2%/5?) + 2’ (r2) - ex2'(73) (Pae/Paa):l (P/Pa)]
ey ¢ c12 e’ e’ ey’
T f (et ) [(at 7Ts)[(at Ty, 1=2,3)] (st 7)) [(at 7w5) [@t Ty, =2, 3)
(2) (») (e) (9) (e) ()

0.15 | 22,186 -7.2% x 107 147,907 -2.76 x 109
20| 2,959.9 2,30k X 106 14,799 A.9h2 x 107
25 815.1 -2.91 x 105 3,380.k4 2. ook x 106
30 356.88 -72,550 1,189.6 -6.956 x 100
35 189.47 -26,503 541.33 -187,340
ko 116.37 -12,248 290.92 -

45 78.878 -5,761.6 175.284 -28 hsa

50 57.3395 -3,972.9 11h.679 -13,891.5
.55 43,8824 -2,602.8 79.7863 -7,549.0
.60 34.9187 -1,778.9 58,1978 -4,3%0.1
.65 28.6405 -1,282.2 bh 0623 -2,671.0
.70 2}4.0627 | 310.2 -957.8 34,3752 | 864.4 -1,723.4
.T5 20.6131 | 220.5 -T36.2 27.4841 [ 545.0 -1,155.8
.80 17.9419 | 162.3 -579.4 22.h274 | 358.3 -800.6
.85 15.8255 | 122.9 465.0 18.6182 | 243.8 -569.9
.90 %h.1156 | 95.3 -379.3 15.6840 | 170.8 -hi5.2
.95 12.7108| 75.% -%13.8 13.3798 [ 122.6 -308.6

1.00 11.5398 | 60.7 -262.7 11.5398 | 90.0 -233.5

1.05 10.5513 | 49.5 -222.3 10.0489 | 67.2 -179.3

1.10 9.707h | k1.0 -189.8 8.8249 | s51.1 -139.6

1.15 8.9798 | 3k.27 -163.35 7.8086 [ 39.37 -110.06

1.20 8.3470 | 28.9% -141.59 6.9558 | 30.73 -87.69

1.25 T7.7922 | 2%.64 -123.50 6.2337 | 24.26 -70.55

1.30 7.3025 | 21.1h4 -108.33 5.6171| 19.35 -57.26

1.35 6.8669 | 18.26 -95.50 5.0866 | 15.58 -46.8%

1.k0 6.4778 | 15.867 -84.577 k.6270 | 12.642 -38.605

1.45 6.1280 | 13.862 ~75.208 4.2262 | 10.338 -32.026

1.50 5.8122 | 12.165 -67.125 3.8748 8.500 -26.731

1.55 5.5258 | 10.722 -60.111 3.5650 T-047 -22.436

1.60 5.2618 9.486 -53. 3.2905 5.869 -18.928

1.65 5.0263 8.423 48.636 3. 0462 4,913 -16.045

1.70 L .80 T.499 43.919 2.8279 k.13 ~-13.661

1.75 4.6059 6.696 -39.75L% 2.6319 3.489 -11.678

SMultiply values by by /V.
biultiply velues by (bs /Y)2.
CMaltiply values by (-1)1(o,/v)2.
dtvmltiply values by P/pa.

®Multiply velues by (P/p.j)?.

fMultiply values by (-l)i(P/pi)a.
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TABLE 5.~ COEFFICIENTS IN CORRECTION FOR SPECIFIC HEAT AT CONSTANT PRESSURE ~ Continued

ey o cip cy’ e’ c1p’
T [(at Tp) | (et )|t T, 1=23 &t 7o) | (@t T5) [ (st Ty, 1=2,3)
(a) (v) (e) (0 (e) ()

1.80 | 4.4198 | 5.993 -36.054 2.4554 | 2.9573 -10.0201
1.85 | k2475 | 5.375 -32.763 2.2959 | 2.5156 -8.6278
1.90 | 4.0875 4.830 -29.824 2.1513 | 2.1466 ~7.4529°
1.95 | 3.9386 L.348 -27.191 2.0198 | 1.8371 -6.457%
2.00 | 3.7997 | 3.920 -2l .826 1.8999 | 1.5761 -5.610%
2.1 3.5481 3.197 -20.7TL 1.6896 | 1.1680 -4.2670
2.2 3.3265 2.614 -17.450 1.5120 8712 ~3.2742
2.3 3.1297 2,141 -1k, 705 1.3608 .6531 ~2.5314
2.k 2.9540 1.754 -12.419 1.2308 4910 ~1.9696
2.5 2.7961 1.434% -10.502 1.1185 L3692 ~-1.5405
2.6 2.6536 1.168 -8.885 1.0206, L2772 ~1.2099
2.7 | 2.5242 .Glih -1.513 -9349 [ .2069 -.9532
2.8 2.4062 .56 -6.344 .8554 .1530 -. 71526
2.9 2.2983 -597 -5.343 -7925 -11315 -.59%7
3.0 2.1992 .h62 4.482 -T331 L0794 ~-.46986
3.1 | 2.1078 346 -3.7h0 . .6800 .05453 -.37062
3.2 2.0234 246 -3.097 .6323 .03509 -.201k2
3.3 1.9451 .161 -2.540 .5804 .01998 -.22799
3.4 1.8723 .087 -2.054 .5507 .00825 -.17702
3.5 1.8045 .024 -1.631 .5156 | -.00083 -.13598
3.6 1. 741 -.031 -1.262 4836 | -.00789 -.10286
3.7 1.6817 -.079 -.939 A545 [ -.01331 -.07611
3.8 1.6260 -.121 -.656 . di2ro | o-loiThe ~-.05449
3.9 1.5T7 -.157 --ko9 4035 | -.02049 -.03707
4.0 1.524% -.189 -.191 23811 | -.02279 -.02292
.1 1.4779 -.217 0 23605 | -.02u46 ©o-.01156
h.2 1.4339 -.241 .168 b1k | -.02557 -.00243
k.3 1.3923% -.261 2314 232358 | -.02623 .00488
.y 1.3529 -.279 A3 3075 | -.02660 .01069
4.5 1.3155 -.2%h .556 .2925 | -.02669 .01527
4.6 1.2799 -.307 .655 L2782 | -.02661 .01884
b7 1.2461 -.318 Sl .2651 | -.02635 .02159
4.8 1.2138 -.328 .815 .2529 | -.02597 .02%66
k.9 1.1830 -.336 .880 24 | -.02549 .02518
5.0 1.1537 -.3433 .9366 .2307 | -.02496 .02623
5.2 1.0987 -.3532 1.0260 L2113 | -.023713 .027291
5.4 1.0484 ~.3597 1.0902 219kl | -.022%80 027343
5.6 | 1.0020 -.3636 1.1341 .1789 | -.021024 .026735
5.8 .9591 -.3654 1.1617 L1654 | -.019688 . 025708
6.0 .919% -.3653 1.1763 L1532 | -.018394 .02lh29

SB¥ultiply values by by /V
bMultiply values by (bB/V)a.
CMultiply values by (-1)1(bg /v)z.
dMultiply values by P/p,.
eMnltiply velues by (P/pa)a.

Tynitiply values by (-1)% (P/pi) 2
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TABLE 5.- COEFFICIENTS IN CORRECTION FOR SPECIFIC HEAT AT CONSTANT PRESSURE - Concluded

)

41

ey c2 Ccip ey ca’ 12’
T (at 'r2) (at 73) (a.t Ty, 1=2, '5) (a.t 72) (at 1'3) (at Ty, 1=2, 3)
(a) (v) () (4) (e) (£)
6.5 | 0.8319 | -0.3601 1.1709 0.1280 -0.015453 0.02078%
7.0 .79 -.3499 1.1264 .1083 -.012957 .017270
7.5 L6947 -.3367 1.0595 .09262 -.010880 .013941
8.0 .6399 ~.3222 .9805 .07998 -.009167 .011186
8.5 .5920 -.3071 .8957 . 06965 -.007758 . 008889
9.0 .5498 -.2922 .8090 .06109 -.006598 .006997
9.5 .5123 -.2776 .T229 .05393 -.005638 . 005448
10.0 4788 -.2630 .6389 .or788 -.004837 .004183
1 L21y -.2367 480k .03831 -.003615 .002311
12 3780 -.2125 .3363 .03116 ~.00274L . 001067
13 3342 ~.1906 .2070 L02571 -.002112 .000241
14 .3004 -. 1711 .0917 .02145 -.001646 ~-.000306
15 L2712 -.1535 -.0110 .01808 -.001298 -.00066%
16 .2458 -.1378 ~.1027 .01536 -.001033 -.000896
17 .2235 -.1237 -.1845 .01315 -.0008291 -.0010395
18 .2037 -.1109 -.2576 .01132 -.0006T704 -.0011231
19 .1862 -.0996 -.3232 .009798 | -.0005460 -.0011653
20 L1704 -.0892 -.3821 .008520 | -.0004k67 -.0011790
22 L1433 -.0712 -.483%0 .00651% | -.000303% -.00115%0
2 .1209 -.0561 -.5655 .005036 | -.000208% -.0010926
26 .1020 -.0435 -.6336 .003922 | -.0001h1 -.0010170
28 .0859 -.0%27 -.6501 003067 | -.0000995 ~.0009381
30 .0720 -.0234 -3k 002400 | -.0000681 L.0008615
35 .oliys ~-.0051 -.8254 .001271 | -.0000232 -.0006928
4o L0241 .0081 -.8837 .00060% | -.0000028 -.0005601
45 .0084 .0180 -.g227 000188 . 0000068 -.0004578
50 ~.00%9 .0256 -.9488 ~. 000079 .00001.10 -.0003787
60 -.0221 .0361 -.9768 -. 000369 .0000131 -.000268%
70 -.0348 .0k28 -.9860 -.000497 .0000122 -.00019T7
8o -.0h1 SO -.9850 -.000551 . 0000107 -.0001506
90 -.0510 .0502 -.9784 -.000567 . 0000092 -.0001178
100 ~. 0564 .052% -.G686 -.00056L . 00000785 -.0000942)
200 -.0T73 .0554 ~.8445 -.000386 .00000218 -.00002032
300 -.0814 .0521 ~.Thol -.000271 . 00000092 -.00000798
koo -.0821 L0487 ~.6804 -.000205 .00000049 ~.00000407

SMultiply values by bp/V.

Pultiply values by (bs/V)2.
CMaltiply values by (-1)%(p; /v)2.

A1 tiply values by P/p,-

eMultiply values by (P/p5)2

TMultiply values by (-1)1(1>/pi)2.
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CONFFIDIENTS OF OCRRECTIONS FROM IDEAT-GAS VALUES TO REAL-OAS VALUES OF BPEOLFIQ-EEAT RATID 7

TABLE 6.~

(8) Cosfficlents of density-dependent corrections, 27°(7° - 1}3(13(72) + (P - 1)?5(2)(72)27°(7° - 1;3(1)(12) a0 B(E)(Ta)
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SMoltiply all entries by bpp o obtein correction.



TARIR 6.- CQEPFICIENTS OF CORHECTIONS FEOHM ITEAT~GAS VATOES TO HEATL-GAS VATORS OF SPECIFIC-HEAT RATIO 7 - Conmtimued

(n) Coefficients of density-dspendant oorrections, 2y0(7° « 1)13(1)(72) + (0 - 1)23(2)(72) - Concluded

70

2 (a)
5/% 1.ko 135 1.%0 1.25 1.20 1.15 1.0 108 .00
2.4 1,5358 0.9631 0.0456 0 0.6166 0.4971 0.57%58 0.2525 0.1272 0
2.5 1.2585 .91ﬁ0 . L5850 4716 3 L2395 1206 0
2.6 1.3877 . TE5T 6623 5562 g 11118 3389 .B276 11kt 0
2.7 1.3227 ge82 3505 6509 4270 JB227 .p168 1092 0
2.8 1.2627 T9Ch 6020 5056 L0785 3079 2068 1ohe 0
2.9 1.2073 T556 6663 5185 k832 5855 5 1977 0996 0
3.0 1.1559 ggﬁ 116378 5509 kG626 3728 2817 . o
5.1 1.1081 6115 5281 s AT 2701 .181k 0914 0
3.2 1.0633 6655 5869 . 4a56 3431 2592 .17hY 0
1.3 1.0219 6355 .%6%9 0 hggz 3297 .Bh9), 1673 o4 0
3.k 5809 6152 Shes . .3 3171 23] 1610 o1 0
3.5 G463 5924 moph 4313 3789 5 2308 L1550 o781 0
5.6 118 5T10 036 Lzmo 3673 s 2205 lhE:y .07 o
.7 T 5505 4658 J97 ;ﬁ? 23l JDIRT -Ldip o727 0
.8 aues 5519 691 53 . 20Th L1393 0
E.g 8198 8139 .hyg +3916 3209 2652 2005 st 0679 i}
.0 To2h .R9T0 43 3 .518p gugg L1979 L1303 . 0656 0
k.1 . Jkobo 3 % .1&;3 L1261 L0636 0
k.2 7418 k556 k108 =80 . 2hom .18 L1222 L0626 0
k.3 7 k5o 73980 ko .2690 2331 L2763 .118s .0%97 0
L.k 6951 5T 3860 336 .2B03 2261 .1710 L1149 gg o}
L.s 6748 Lok ggf 5.]23; . 2154 L1659 L1115 ¢
4.6 6545 k18 . 5 268 2130 1611 . 10835 546 0
h.g 6351 gg .3529 .3052 -2n65 .2070 1565 .1052 L0551 0
k. 6 . .3k 2565 .B4g% 2012 1502 100% L0516 0
k.9 3TT6 3 ﬁ L2U0k 1956 8o 0995 L0800 0
5.0 .5819 6T .5 . .2358 lg k0 .0968 L0408 0
5,2 %00 TS 23070 L2656 2%h . 1365 .0918 O63 s}
5.4 2206 3299 .2119 .2%19 1T1e ig 1996 .08T12 .Ohlio 0
5.6 9%k .3128 276k 2395 2014 . 1232 . 0829 k18 0
5.8 4681 L2973 B629 L2076 1916 fﬂ 1175 L0790 0399 0
6.0 by 2829 2502 .2168 ﬁ . 18 0TS o580 0
6.5 ;ﬁ 2511 2222 L1927 . .18 0996 L0671 0339 0
7.0 2240 1985 JATe2 1453 L1176 g% L0602 0305 0
g.ﬁ 30599 . 2007 1780 146 1 L1048 . LO5L3 0273 0
.0 2767 .180h 1602 1393 1178 0936 % . 0hoL .02hg 0
8.5 TS . 1686 . 1kk6 1259 . 1066 -0866 . -04hs . 0206 0
9.0 .2P1 169 1308 JhL 0967 0787 .0600 .0hOS - G206 0
9.5 . X ﬁg .1185 L10%5 .08T9 .0716 T L0371 .0189 o}
10.0 . 1780 L1075 SOO0L, 0800 0653 L0499 0359 .01 o

EM1ltiply all entriss by bpp to dbiain correction.

2leg ML VOVN
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{b) Coaffioients af pressure—depsndert correctliona, 1"“1[27"(7" - 1)3<1)(72) + (7 - 1)95(2)(.,2)]
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Diaiitiply all entriss by



T/BIE 6.~ GOEFFICIEGTS OF CORRECTIONS FRQ IDEAL-GAS VALIES TO REAT~GAS VALUEY OF BPECTFIO-HEAT RATIO 7 = Conoluded

(b) Cosfficients of pressure-dependsnt correations, 7L [270(70 - 1)3(1)(72) + (7% - 1)23(2)("a)] - Concluded

gl2e ML VOV

7D

- (v}

5/5 1.ho 135 1.30 1.29 1.80 1.13 1.10 1.03 1.00
2.4 0.6359 o.ka13 0.3540 0.3058 0.2969 0. o. 0.10%52 0. 0
2.5 583k ;%6 5825 230 Eglll% ﬁ . 09580 04826 0
e.& 5557 I3 2949 257 2139 L1723 -1303 .08734h .0h410 0
2.; . 06T L2705 2236 L1962 .iﬁﬁl 1198 . 08028 Ry Yo 18 0
2. -h510 2823 .2k LR150 .1606 1L L1100 g;(glsg 03721 0
2.9 NSTS, 2605 .£298 L1964 1666 JAzhs il ] . . 03433 o}
3.0 36558 - 551 L2126 1556 A5he L1243 <0550 06507 ALY o}
5.1 3578 L2257 ﬁ 170k 3L 115% L0671 ﬁe T 0
3.2 ) 2080 . ﬁ,& 1550 072 08100 . 1 2740 0
3..3 3097 .1958 L1709 L1476 .1839 09990 .o75k8 .050T0 . 02554 0
5, 2801 L1809 gigs .1% 157 09526 ~OTORT 4TS o=l %, 0
5.5 270 .169% 1493 . L1083 08729 .06 .Ohk29 02831 0
5.6 SB5%3 ﬁg L1399 . 1018 08181 .06 o1z . 02062 0
3-; -B3TT . E;E .113h 09587 .0T678 -05B03 03598 <0196k 0
5, . 2T5R . 1k00 . + 1067 . T % c:hlie . 01887 0
3.9 L2101 .1318 1162 . 1005 ] . 051kl ohsh .017ho 0
8,0 :Jﬁ;. .12he L1056 +OGkTO 07953 .06h1% LOHENB .03258 .016k1 o
ha . s -10%% L0951 .07310 .06056 .Oh5T8 .030T6 .gllﬁgg 0
4.o L1765 1109 L0978 .Ofks2 .07101 O5TRS . 04325 02909 . 0
u.E 1615& . 10% 09856 . 08000 L06TRL .o5h21, L 04100 LQETSE 01588 0
k. . . 1 0BT 07582 .063T0 .03139 03885 L02611 Q13156 0
4.5 L1300 . 08322 -0T15% I ot ! ORBTE 03687 L0278 olekg 0
k.6 R - ) . - 07900 05820 05741 04630 03502 We-o o187 0
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5.0 L1165k .ggg 06484 .05608 o7 05806 02680 01936 00977 0
5.2 .10%8 . . 05905 &-%251 o429 03468 . 02625 01766 00891 0
=L 09651 06102 .OS59L . fo;)= ] .0%5170 . 02599 0161k . 0
5.6 .08810 05586 -0l . .okaT3 03396 gg - 02200 02481 +00TAT | 0
5.8 080T " 05126 .Ohs2e . OPGDR 0330k . 02002 .01361 . 00567 0
g.o .%1551_1. 0}&5 g;ﬂ:{l 03613 g;%ee gg_ '0186501555 %g . 0063k 0
5 . 9 . . 9 . . . . . . 0
7.0 Wo 1oy} LO%200 02835 gﬁ . .01681 01276 LJO0B5L g% 0
g.:& oh1x2 02575 05T Q2062 01Th1 .01k11 .0107R m 00367 0
.0 o258 02255 . 02002 0172 o475 . 01155 00909 L00311 o
8.s ge;zée 01915 01701 L0182 L0125k .01019 ggg“rf ges .00P56 0
5.0 3 .q1632 '&% .01268 oL0Th m& = 53 00229 0
9.5 02091, . . . . . . .00350 .00199 o
10.0 01780 81152& .0207S gjo;?g % «006mT 00409 00839 .00LTS °

bpm_'d.ply all antries by H—(%/_kf to obtain correction.
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() Coefficients of Aanmity-dspendamt oarrections, 7%(0)(72) + 27°(r° - 18 rg) + (7° - 1)%(2)(xp)

TABTE T.- COFFFICIERTS (F COEHEEUTIORS FROM IDEAL-QAS VALUES TO HEAL-(QAS VALUES OF ISENPHOPIC EXPARSION COEFFICTENT o
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FABIE T.- CORFFICIENTS (F CORRECTUCHE FROM IIEAL-GAS VALUES TO REAL-GAS VALUES CF ISENTROPTI0 EXPANAION COEFFICIENT o ~ Combirmsd

(a) Coatficiemts of dansity-dspendant ourrectimms, 7°8(0)(rp) + 2/%(7° - 1)3(1)(72) +(° - 1)35(2)(72) - Conolnded
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2 2)

5/3 LhO 1.%3% 1.%0 1.25 1.20 1.15 1.10 1.05 1.00
2.h 0.5258 0.hok1 0.3887 0.261% 0.1621 0.0608 -0.042% -o.im -0. By -0.36%5
2,3 -PTh B76L .ggha .£901 1543 . 0968 -.0030 -. -. 2076 -.3126
2.6 JOhhL oss . 3162 .2R2% L1290 0528 -. 0652 -~ 1647 -.B6EL
e.g 9500 5158 2 3501 230 1587 -0656 -.0202 -. 1236 - 2055
a, L9552 5581 LakT9 . 3625 L2750 L1861 0957 ggﬁa -, 0096 ~.1B4m
2.9 19598 BT kG358 3025 -2975 2113 .1e%5 . -. 0360 -+ 1h83
3.0 L5639 5620 a82L o1l 31585 L2348 1731 .OGok - 257 -.(J}.lﬁ
3.1 JG6Th ;g;e 4976 418k 3379 2561 1750 Ne:: ;] -. 0027 -
5.2 9706 5874 -5116 :E#k 5559 . 276L -19%0 J11e7 .0291 -.0358
B-E .ST33 -9987 'Sk g 3 .20h6 .20 1352 <0537 -.0291
ol | & | 3 | am | B3| o8 R | W
3.6 ggy{ L6280 5305 L?m JH62 333 g% .15h% .1180 .ohoT
3T .9813 gf; 5687 RT3 .ha8g 3575 . .2115 1369 L0611
3.8 -olat i3 ST 5097 ko8 3708 2997 -2276 L1545 0803
ﬁ.g %g 6516 5861 .516% L4518 3853 .317% - T2] 'ﬂen . 050%
.0 . 65083 L304e 5208 N 3 3950 3266 o572 .1868 L5k
4.1 .90m6 6650 .60L 5576 t@ hof1 3389 L2708 L2016 L1519
h.2 5063 6710 608% JSRST . :ga -3805 2856 .R1586 . 1h6T
h‘z .o868 .Ggg'{ L6155 5584 hgOh . _-3613 L2987 2283 L1611
L. 5072 . 6218 5607 4907 JazsT .;&9 .5071 2913 ﬁ
k.5 9875 .6810 6277 5676 . 50658 hﬁé 3817 AL ggia '
h.6 L9877 L6916 G325 JBTR] 5140 Jh=eg 3910 32 J26h% .1599
bf.g S677 L6961 2286 . L2010 L4608 .3998 5360 ggj 2116
&, .gg_'{!z Lo 6435 5860 SeTT 4684 Yo, LT . . .20pT
h.9 . .TOo4L iR .5916 2&2 tg;i 4163 .356), 281 L o%n%
5.0 9873 7078 .6928 5968 . . Lz J3645 -3043 B33
X B B 2| &5 2| 2] B B 2| =
. . . . . . . . L3545 33T .
3.6 %2 .T259 .6748 L6229 ATOS 5158 626 !2073 3017 .2051
5.8 Lo31 307 .6808 L6501 gg 5265 B Yes Jh1gs .36k9 .3096
6.0 .0828 .T350 .68 6268 . 5530 RT3 L4305 .R'rrl .3229
6.% 9752 L T438 6974 .6mc2 L6024 3557 508k sk . 3520
7.0 9T .T308 . To62 L6611 6134 5650 5218 RLLE) o ST6L
g.; LGOS R o) T30 6698 6250 581 ggg lLgoe Lhs6 .3963
0 9657 -T392 . T183 6768 6346 «590T . <3079 4590 Bk
8.5 géz .T619 RS .GBo L6R1T gg?z 5580 .5155 721 h2Bo
9.0 .95 637 | 7236 %&&9 N . .566; 5053 B33 -khob
9.5 G311 .TE49 .T280 . 652p L6133 5T3 gzgg Jopo 51k
10.0 G461, .TE36 T297 6532 6961 6163 S3T99 . 5012 .h609
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YARLE 7.~ COEFFICIEETS OF COERECTIORS FROM ITEAL-~GAS VALUFS TO REAT~GAS VAUNS OF IAENTROFI0 EXPAEEION OOEFFICIENT o -

(b) Coaffialmts of prasmire-spendent corracticns, 7-1[703(0)(72) + 20(y0 - 1)3(1)(12) + {30 - 1)23(2)(72ﬂ

RACA TN 3272
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TABLE .- COEFFICIERTS OF OUSHECTTONS FROM ITRAL~GAS VALZES TO HEAL-GAS VALUES OF ISENTRQPID EXPANSICH COEFFICIENT o - Conoloded

(b) Cosfficiemts af pressme-—dspendant scrrections, 7-1[703(0)(73) + 2950 - l)n(l)(-ra) + (70 - 1)33(2)('2)] - Ocnaludsd

gl2¢ NI VOWN
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. (b)
¥3 1.k0 L=s 1.%0 1.a 1.20 1.15 L10 1.0

. . . 0. 0. 0.06 0.029%% -0.01763 ~0. 0516 -0.1061
g.; 0.;?';0 °.¥,3§ 313‘559?( ﬁ gg% 3860 ~.00180 -.0M1TE ~.0830,
2.6 3631 1910 1867 1216 . 962 .0ls62 -.C2908 -.065%8
a.z .3519 1508 1387 L1960 O9ETO 05878 02430 -.01081 . 04651
2, JR12 . . 1600 .1pGh 09821, 06646 .&?klﬂ .00139 - B
2.9 JE510 1% L1606 L1519 1026 Wor.-1: 3 .Ohe59 .01186 -

2.0 Rk . 197% 1647 1337 L1062 g@ﬂ gﬁg 02080 -

3.1 L3181 1858 1609 1380 L1090 . 1 . . 02891 -. 00088
3.2 . 1836 i.g 1358 .19 00628 . 05054 gzgg . 00910
3.3 .g? 1814 1361 .19 08927 06532 . . 01626
", . 172 15152 1362 L1k, .09 . 0650% 04596 e,
3.4 279 L1768 . L1360 L1250 ogag .0Te20 05026 02800
%6 2721 A7k RLLI] L1355 L1186 09536 LOThAL 05396 05279
3.; 8652 i& L1836 .15hg .1159 . 09668 .0 5716 gggg
3. 2906 1098 .1820 11;;;. ﬁ ggﬁ . 'oﬁaﬁm .0“8;
e o6 Y- 13 614 ‘1320 -1 -09878 .0B155 <08430 JOhETL
k1 ohch J16e2 L1468 L3 .118p 09905 . 08266 . 06603 .oh918
L.z 5340 L1868 L1490 ﬁ T + 0991 08345 .06 05153
4.3 . 18T LIhmL . 1240 055, ,08Lar . gﬁ;
kL ﬁ .1%%0 413 ey (1133 ggggg .ofysp . .

k.3 . L1887 V1395 1861 L1186 . . L OTOGh 62T
| W) ﬁ?{ 1504 JIETT 1948 LT 05846 08500 07183 .

k. L2102 1481 W L1958 L1109 09805 . 00506 o751 .

k.g 2056 Qe 5L %1 21891 1099 09758 go& or2ss .

[ L2016 b} L1583 1207 ﬁ . L0305 . OT26T . 0605
5.0 i_g;g i;-ru L1306 ﬁ& 300 .09518 078 % ggﬁr

.2 . . W27, . . . .0%hon . .

g.h L1826 135k L1937 1139 L1059 JOPBTT . 083ko 07305 . 06pT

.8 . L1060 1 . . . . 06160 JOTRS3 .

2’.0 .lﬁ}g . 11k . 1061 % 08017 .ofma gz;g %
6.3 . 1906 gﬁ L1073 L1000 ~00R67 08519 JOTTEO . 05208
7.0 gz .1o07R L1009 09“?. . t:ls. .08128 cm?z gﬁng g{;
g:g :1307 :019;;0 :Woama :%’60 . 2 :07596 . ﬁg 05738
8.5 L1150 ﬁ&) 08800 .08028 193 L0062 06567 . N, L
9.0 21062 .0BABS 08058 07638 07 06Th9 . .83 .

9.9 .1001 N 01553 .0T268 05865 osl;lg . 0 . 05
10.0 .OGk61 07686 07297 06932 06361 .06 05799 .08k09 05018

b)ﬁ.lltipl:u.lluntrmhyn(‘dk to obtain corrsotion.
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TABLE 8.~ OOEFFICIENTS (F CORFECTIORIG FRCH IDEAL~GAS VALIES TO REAL-GAI VAIIES QF SCURD VELOOITY »a

#re)

- 1)8

2r°

(n) Ooefficlents of density-dependont correations, 3(0)(1-9) + (7 - 1)3(1)(73) +

NACA TN 3272
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EABIE 8,- OOEFFICIENTS OF CUREECTICHS FROM TDEAT~OAS VALUES TO FEAL-GAS VALDES (F SOUND VELOCTTY a - Contimmed

(a) Coeffintents of demeity-lapandent corvestions, B(%)(rg)+ (7% - 1)3(%)(rg) + -(-%EB(E){TE) - Concluded

ele¢ MI VoWN

TE (n
L3} 140 L35 1.%0 1.25 1.80 115 110 1.0 .00

2.4 0.0972 -0.0196 -0.0489 -0.0813 -0.1170 -0, 156k =0. 2000 -0.2438 -0.70%0 -0,3636
2.9 . 12k9 0138 -.01kQ -~ O48T -.0736 -.1181 - 1576 -, 1:) ~.Ranp ~.51p6
2.6 1802 LOhh3 Lol -. 0Lk -.Oh37 - -.1188 -.1627 -.2113 -. 2661
e.g 1732 o722 .o L0191 -.0117 -. 0% - -.1251 - 1716 -, 8236
2. . 1948 L0978 0736 LORTO .gﬂ -.0 ; -. 0505 ~. 0903 -.1%49 -, 1845
2.9 2187 L0983 0728 . .01% -. 0205 -.0n87 -.1011 -, 1488
3.0 2318 .1h31 1210 L0965 L0698 e To 00T -.0202 -, 0699 -'ﬁf
5.1 280 L1632 L1420 .87 gﬁ 064 L0530 -.0020 -.0hG9 -
3.2 R .16819 1816 1392 . ggg:z} . 0253 -.0140 -.0%8
5.3 'zr’rz . 1797 188 15k COT9R T .0110 -. 0291
g.j 2906 .2 éﬁs i% 1550;. 112;2 ﬁom; .ot‘:EDsao&;_,l+ 82- -.01 %
. . 2505 . . . . . . . 0190
3.6 51h3 gius Froge] 2000 1&8 L1634 1375 . 1087 o766 e Tord
:s-g 3850 2579 2111 2285 2021 1 15k5 « 1867 0611
3. 33 goa 2541 2362 L2165 ;oeg 1708 LT . . 0803
3.9 5&3? 8819 2662 2469 2299 1855 .1 ﬁsos .
k.0 855 2929 EE 2611 R Todd L2008 L1997 iﬁ 1867

k.1 3 332 . 2783 N, .:Ego L2131 . L1618 1315
k.2 . L3130 .2o8 2632 L2660 L2469 2057 8022 m 1467
k.3 e 3085 sk 2767 -0l JB3TT .21kg . L1601
[N ] 3853 3309 AL 2050 . 2868 2689 90 L8869 2028 13;;(
k.5 3501 .5391 3263 W5121 200k ggo 230% R-30N .
k.6 370 .ﬁg 3207 .3055 g 2700 - T30 8089 1999
h.g .3 . J31h2 297 gﬁ 220k 2368 .

h. koTT 61k BhoT 5367 . 3065 2500 247e .
k.9 4129 -3681 3567 -5k B0 3148 2976 m .51 %83
5.0 k179 ;&g 634 351 3576 3225 3059 . L2666 -5
5.2 ;ﬁ 36h3 3515 3373 <3213 3039 ke 2620
3.4 R E ] % - L3762 3641 3507 3337 3190 +300% .276h
5.6 RI1TSE . a% BLigal 37T 3629 }yggz .gzsa 3150 2991
5.8 4500 %158 . .3971 3862 JIThL . . 55 3286 B096
6.0 R.1) 0 4156 4083 . E B.yel] 3571 .3h10 %209
6.9 hE9T kk15 .ljl.g 4261 3169 L0867 Eg? i% 3681 .3580
7.0 4805 A561 JLh96 Shes JAsha RIT-L31 kg . 3905 .ST6L
g.ﬁ hg H538 NTE: ] . RLALY 210 ozl

N N ﬁg 1"gza RS k606 hass S50 :@ b a1k
8.5 .50g8 . L4816 l&ég o 64 86T & .

9.0 SOTL L4931 &850 s 4793 Lgab, T -h591 S0l

2.5 5110 k909 ol 913 4866 Afa1x e 685 . 251k
10.0 J5143 5039 5007 A971 .ho29 881 826 JATES 691

®Multiply all entries by &%bpp to chtain sorrection.
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(b) Coaffiaients of prepetre-dependant correctisns, 14[3(03(12) +(y° - 1)3(1)(1-2) + 2;01 # (ﬂ)(fgﬂ
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PABLE 8.- COFFFICIENTS (F CORFECTIONS FAO INEAL-GAI VAZES TO REAI-QAS VALUES OF SCUND VELOUITY e - Conciuded

{b) Coafficiemta of pressure-dapaniant corrections, 1-1[3(0)(1-2) + (90 - 1)3(1)(72) + i’%ﬁ-an(ﬂ)(fe)] - Comcluded

70
g (x)
53 Lhko 135 1,30 1.95 1.20 1.1% 1.10 109

2.k 0.0h0k8 -0.00818 -0.020%9 -0.033086 -0. 08873 -0.063518 -0.063k 1 -0.1057 ~0.1265
2.% L0500 . -.00362 -.01790 -.0%1M5 - 0h6kk 06206 -.08151 - 10R1%
2.6 . O3TTE QY . 00664 - 00RO -. 01660 -, 03051 - 0% - 06257 -, 03138
e.g JOBh15 026Th L01T3T ggg -. 00k%3 -.01691 -.08 -, OkG32 -.065%5
2. 05640 LT3 . 026%0 . Oﬁﬁ - gg -.01503 -.03e32 -.0k818
2.9 crr:.gg N SE .03388 L2511 .0 v} -. 00708 -. 02028 ~. 03k 86
5.0 . Ok . ] B2 02526 01337 L002h2 - 000Th -.0528
%1 . 1 . L0558 05829 , 02998 020681 . 01068 -.0006% -.%pzo
3.2 .02l . 05049 O3k m o027 01778 00730 -.00A38
5.3 ~OROT 05038 . 08lh6 L O . . LOR359 .01kl 00533
3. .08nkT .083%6 03788 08178 .Ok505 .3761 02959 . 0205 .01010
3.56 . 08653 gg?rgg .égrlg gg':;gg .gﬁg .m;;g 05423 glg .82160#
3.; %% 06559 06515 .06015 .O5hEs . OhB52 2‘; » O3kph oe%
LR LOT11% 06586 . 06e15 05697 03123 05780 ggﬁa
E.9 ofdeT .a7287 06826 .065383 . 0500k 0535 ohT55 . 03349

.0 08829 .0T3ea 065k 05527 . 06067 03558 . 08993 . Ok L O3667
[9%:1 .08813 gﬁ;ﬁ L0769 GG .oba1l 05731 . 03198 .OhE05 L3S
b2 097191 ~OThER -0T113 .o&g 06353 03879 Ney ) .08B15 .0h191
h.3 00758 ~OThG3 LOT1Th . 035 + 05005 Nerr) - 08508 +OMkOT
bk ggg_;g 07580 Nojiea ) 05888 06519 105111 05660 081 < OWSgT
b, . . T LOTE31 . 06956 06587 06201 ggﬁ 0529;{ -OhTER
4.6 .0061% . 3 .o-r:zg o873 06642 .062TS 016 -OhTT
h.g %ﬁ L0540 o1 06959 06685 06536 o950 o351 . 03059
4, fei T ] o9 07285 .gT013 04716 06385 06017 .0551
k.9 oﬁh% 12 g‘(Tg .06739 06k ok 05603 . 8
5.0 083 85 o268 . 06755 N 06119 JO8ThT L 0%%3E
5.2 08218 o728 . o7ee8 .gTo0s 06760 . 08T 06163 CD;:R . OBh66
5.k 08063 o7ssR L0170 %963 L06ThS L OGh Ok . 05216 .05907 . 05561,
5.6 07913 o726k 07098 .06913 gg . 0ERBO .062p5 03943 05626
2.8 .ggg’g 07168 . 07016 06171 '06599 ggg .géarr gggsg g;g

.0 . gguﬁé L0626 . . .

6.9 % TS 06661 (o] . 0552k .06aaT o&ﬁ .03 66k
7.0 . 06519 OShES 19 . 05203 05075 05927 .08 ﬁ“’
g.: 0b3ak 052%0 06163 060 5981 .05872 090 .0%613 59

.0 06206 05975 03910 Nesls g;r_;g , 05666 N LT LOMUhT 03316
8.5 gﬁ L0819 G666 . o560 053 .BaTh =163
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TABLE 9.- VALUES OF b,

NACA TN 3272

IN VARIOUS UNITS AS A FUNCTION OF r,

bo
ro, A
cmj/ g-mole | cu ft/lb-mole | cu in./lb-mole Am?.gz)a.t"l

a
2.4 17.hhy 0.27942 482,84 0.7782% x 102
2.5 19.717 31583 545.75 . 87963
2.6 22.179 .35527 613.91 .98947
2.7 24,838 .39786 687.50 1.10810
2.8 27.701 JL372 766.75 1.23582
2.9 30.776 .49298 851.87 1.37301
3.0 34,071 .54576 943.07 1.52001
3.1 37.59% .60218 1,040.57 1.67714
3.2 41.350 .66236 1,14%.56 1.84h75
3.3 h5.348 . 72640 1,255.22 2.02311
3.4 49.597 -T9446 1,372.83 2.21267
3.5 54.104 . 86666 1,497.59 2.4137h
3.6 58.875 .94308 1,629.64 2.62659
3.7 6%.918 1.02386 1,769.23 2.85157
3.8 69.242 1.10915 1,916.61 3.08909
3.9 4. 854 1.19904 2,071.9% 3.%33946
k.o 80.761 1.293%66 2,235.44 3.60299
.1 86.971 1.3931h4 2,407.35 3.88004
k.2 93.491 1.49758 2,587.82 k.17091
4.3 100.329 1.60711 2,777-09 4.47598
h.L 107.493 1.72186 2,975.37 4.79558
k.5 11%.990 1.84%196 3,182.91 5.13005
4.6 122.827 1.96749 3,399.82 5.47968
.7 131.013 2.09862 3,626.41 5.841.88
4.8 139.555 2.23545 3,862.86 6.22597
k.9 148.460 2.37809 4,109.34 6.62%24
5.0 157.736 2.52668 4,366.10 7.03708

81 Amagat = Density of gas at 1 atm and 273.16° X. It is here
assumed that PV/RT = 1.000 under these conditions; multiply tabu-
lated values by true values if known.
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TABLE 10.- VALUES OF GAS CONSTANT R 1IN VARIOUS UNITS

P v T R

atm emd /mole oK 82.0567 atm cm?/mole OK
kg/cm® em? /mole Ok | 84.7832 (kg/cm?)cm?/mole °K
bars® emd /mole oK 83.1440 bars cm?/mole K
mm Hg em? /mole oK 62%63.1 (mn Hg)emd /mole °K
atm 1/mole %k 0.082054k4 atm 1/mole °K
ke /cm® 1/mole ok | 0.0847809 (kg/cm®) 1/mole °K
mm Hg 1/mole °k | 62.3613 (mm Hg) 1/mole K
atm cu £t/(1b) mole | °R 0.730231 atm cu ft/mole °R
m Hg cu £t/(1b) mole | °R |[554.976 mm Hg cu ft/mole °R

5'106 dynes/ cm®.

e e s e = ey C—
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TABLE 1l.- LENHMARD-JORE3 CONSTANTS FOR AFPROXIMATE FITTING OF VIRTAL DATA FOR

OLUSTERS OF TWO AWD THREE WOLECULES

Re Re
eofk, g, ex/k, b, 2, 2| B, =—=2, s —2,
Ges exfag | bs/by 2 Xbo Kby po2/ps2 | THotes
K an? [ole %K ox? fmola | D 3 atn et w3 ()
Argon A 115.75 | L9.8c4 118.6 50.80 | 0.9904 | 1.04k2 197.30 191.2 1.0645 {1}
g0 19.75 | L9.80% | 119.T5 s1.hg .9Th5 | 1.0688 197.30 190.8 1.069% 2
169 61 164 65. L9704 | 1.0836 227.3 £11.9 1,391 1
Krypton Kr 169 61 164 53.26 LoToh | L0823 | 227.3 o123 | 1ale H
2. 84,65 227 81.46 1.0111 9260 217.6 £28. .9058 1
Xepon  Xe 22h.% 84.65 227.% 81.25 | 1.01%k | .5213 217.6 229, .Bo66 52§
9. 0% 6%.78 100.2 56.3 1.05%38 .T787 122.3 6 L7012 {1)
Mitrogen W 95.42 | 63, 9T. 7 617 | L@ | .9%92 1oh.3 130 919 | (1), (3)
92.5 70.5 o4,8 66.% 1.0249 .8857 107-7 17 B + (2)
116 sh,7 184.7 48,2 1.0T50 T8 17h,0 212 L6713 5
Oxygen 02 nz.2 | 8.9 115 6.5 | 10139 | .9e02 | 13T.7 167 8917 Eag
100.78 | 69.22 97.9 68.7 .9715 | .g9850 119.% 116.9 1.0436 1
Carbon monoxida 00 100.78 69.22 99.9 2.65 .091% | 1,0119 119.5 117.7 1.0308 2
$9.8 66.7 101.2 .17 | 1.01%0 .9256 122.8 120.4 9006 2
189 11%.9 195.9 106.8 1.036% 785 136.2 1%0.5% 8177 (1)
Carbon dioxids COp 189 11%.9 - | 189.5 | 2.6 | Lo5m6| .Blog | 136.2 159.6 7285
Hethane CH)y wh.2 70.16 5.2 72.0 9798 | 10323 | 1733 155.5 1.0961 | (1), (2)
Tetrachloromathane CR, | 1352.% | 131.0 160.7 115.6 10858 | .1787 95.5 11k.1 .012 (1)
199.2 | 115.5 20h 109.% 102kl | .8680 L5 152.9 .B562 (1)
Ethene  Colf, 199.2 | 115.5 205.2 | 110.F | L.o201| .ous | 1.5 151.0 .6781
Bthans CoHg 217.5 | 123.8 221.3 118.9 10075 .9213 k.2 m2.7 8618 1 (2), (¥

8(1) Reference 12.

3
%) Refarenca 19.

Used in RBS-HRAOA tablea.

ga; ¥odified for critical conditions and extant lower temperatura deta.
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TABLE 12.- FORCE CONSTANTS FROM VISCOSITY DATA

AND SECOND VIRIAL COEFFICTENTS®

e/, °K ro, A
Ges T ‘ vc/bE
Second virisl Second virial
Viseoslty | coerfictent Viscoslty | ooefricient —
Reon Ne 35,7 35.7 1l.244 2.80 2.74 1.56
Argon A 124.0 119.75 1.240 3.418 B4 1.50
Nitrogen N, 9l1.46 95.05 1.351 3.681 3,70 1.hk2
Oxygen Op 113.2 117.5 1.341 3.433 3.58 1.37
Carbon monoxide CO | 110.3 95.%3 1.296 3,590 5.65 1.50
Nitric acid KO 119. 131 1.43% 3470 3,17 1.25
Methane CH), 136.5 148.2 1.33%9 3.822 3.82 1.kl
Carbon dfoxide (0o | 190 189 1.606 3.966 k.49 .99
Nitrous oxide Np0 220 189 1.514 3.879 k.59 1.02
Av. seven gmses 1.320 £ 0.054 1.h3 £ 0.07

8From reference 2, with a few alterations.
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Figure l.- Parameter XT;/ep

RVe/RT,

versus PoV, /RTq

for various substances.
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Figure 2.- Parameter V,/bp versus PV /RT, for various substances.
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Figure 3.- Parameter B2/C at To versus P.Ve/RT. for various sub-

stances. Circles represent values based on preliminary cluster param-
eters for PVT data away from critical temperature; curve is based
only on critical isotherm datae as represented by Meyers (ref. 18).
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Figure L,- Paremeter (63/e2) ('b3/b2)l/2 versus (ch/Eg) ('bg/Vc) for vari-

ous substances.
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Figure 5.- Parameter (63/62) (bg/bB) 1/2 versus V¢ /bp for various sub-
stances. Circles represent parameter values basged in part on B2/C

requirement for classical critical condition.
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